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Synthesis of Carbon-Based Energy Storage Materials under

the Dual-Carbon Context

ABSTRACT

Under the strategic framework of the “Dual-Carbon” initiative, the development of
green renewable energy technologies has become a pivotal focus in the energy sector.
Aqueous zinc-ion hybrid supercapacitors (ZIHSCs), by integrating the synergistic effects
of battery-type anodes, capacitor-type cathodes, and aqueous electrolytes, successfully
combine the technical advantages of secondary batteries and supercapacitors,
demonstrating both high energy density and high power density. The zinc metal anode,
characterized by its high theoretical specific capacity (823 mAh g'), suitable redox
potential (-0.76 V vs. SHE), abundant resource reserves, excellent conductivity, and
environmentally benign nature, endows ZIHSCs with outstanding cost-effectiveness and
safety. While porous carbon materials, serving as capacitor-type cathodes, exhibit
enhanced charge storage capabilities due to their high specific surface area and
hierarchical pore structures, traditional porous carbon cathodes are constrained by
inherent limitations such as poor pore connectivity and insufficient electrolyte wettability.
These drawbacks result in low utilization of effective surface area, sluggish ion diffusion
kinetics, and ultimately restrict further improvements in overall energy density and rate
performance of the devices. In this study, hierarchical porous N/O co-doped carbon
materials with high specific surface area were synthesized using non-renewable and
renewable carbon precursors. When employed as high-performance cathodes in aqueous
ZIHSCs, these materials significantly enhanced energy density while maintaining
excellent power characteristics and ultra-long cycling stability. The main research
findings are summarized as follows:

(1) Using bituminous coal as a carbon precursor and KOH as an activating agent, an N/O
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co-doped hierarchical porous carbon (BCK4) with high specific surface area was
synthesized through high-temperature chemical activation. The inherent heteroatoms in
coal enabled self-doping of N/O, while KOH activation created abundant surface pores.
Benefiting from its hierarchical pore architecture and heteroatom doping, the Zn//BCK4
coin-cell device delivered exceptional electrochemical performance: a specific capacity
of 2253 mAh g! at 0.1 A g'!, accompanied by high energy density (179.6 Wh kg™!) and
power density (99.7 W kg!). The rigid carbon framework of coal-derived porous carbon
effectively mitigated structural collapse during cycling, achieving a remarkable capacity
retention of 99.3% after 100,000 cycles. Furthermore, quasi-solid-state and flexible
pouch-type ZIHSCs based on BCK4 exhibited specific capacities of 137.3 mAh g™! and
139.4mAh gl at 0.1 A g'!, respectively, with energy densities of 115.1 Wh kg! and 110.1
Wh kg! (power densities: 99.5 W kg and 98.7 W kg™!), alongside excellent mechanical
flexibility.
(2) Employing renewable reed flower biomass as a carbon source, an N/O co-doped
hierarchical porous carbon (RFCN20) was fabricated via KOH/NH;-H-O co-activation.
The intrinsic heteroatoms in reed flower enabled self-doping, while chemical activation
generated a micro-meso-macroporous system, forming a 3D conductive network with an
ultrahigh specific surface area of 1541.3 m? g'l. In ZIHSCs, RFCN20 demonstrated
superior energy storage performance: a specific capacity of 118.4 mAh g ' at 0.1 A g,
with energy and power densities of 94.3 Whkg! and 99.5 W kg™!, respectively. The device
retained 94.8% capacity after 20, 000 cycles, highlighting exceptional cycling stability.
Quasi-solid-state flexible devices based on RFCN20 achieved enhanced performance
(137.3mAh g, 115.1 Whkg!at 0.1 A g'!) and maintained 91.7% capacity retention after
100 dynamic bending cycles (0-180° ), attributed to the material’s hierarchical porosity
and heteroatom-enhanced structural robustness.

Keywords: Coal-based porous carbon, Biomass-derived porous carbon, Heteroatom

doping, Zinc-ion hybrid supercapacitors, Cycling stability
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B B TIRGBEIEAESSE, MET R -MHE T (Lt Na*) {fERHh
AR TR G g A as R Z M T (10 Zn' Mg*", Ca®" & AP*
) AL, FARSSAE T Re g Mgk AL Ve i = R IR & B B2 & )8
FHE FAEAMERTE, FN AT AR G0, B35k ae st Th
BERE . His FRAGBHHBALR (ZIHSC) 23| 2 KE, M Zn fEAH
WeR] DL 2 A /KR E N R T, B 4 JB vT LA BLAEAE S P A, [ A AT
45 BHE N AR I IR R (823 mAh gD RIF 1T LRI
SEALIEJE AL (—0.76 V vs bRUES M)« 25 kR . (RFF A 22 4 P 3427
1, BRIEOKME ZIHCs RS iAERe, BB IEARARL B A, T ik
THESRIRR A, 2R G FAS A 1 A 5 77 [ 5031,

HLEVRAE g LR B8 A S K A 5T, CE R R 3 T 4 DGR AR (8, LBk
Rtk BRI G 2 FB A AR I A AL 2 R R o IREE ISR, IREG BRI A AT
GRS S FMERE S =R R, Hr RS S ARHEA TSR AT 405 K
. AVRRE TR R =25 KRB R, FrREAl R AT R It s
PR AEORS BERRPEIR T AR e R B T IE A2 Re 70, AR A 70 DR R A H AL
FhaEE, RN A SRR B 2E R T A Rz . SR 2 PR T /K AL A8 e &
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o BRIER PR AL VA AR LR 28 b 050 1) W Sl A R — 90 PPV B3 B P S vy
WRFE R A, B RS s TR BRI R PR A S T AR FE (1-3MD
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RBH LR oA BORCTRFIE . "3 B4R ATE 102, BARE LRI AT i
AR5 I T RO VR B S BB, (X IR ARME— MR R 3R o Bk IR AR ) re AL A R RE RTINS 32
BIMRET E RI SRR RSS2 YRR U FIVE R o Bldn, 3R MoKk Ak mT
$E 50 RN/ PRV TR A A S T DIE S 1) P TR 48 D S 25 ST R A B AR
I, AESEREAGE R e AL 2 AEFE PR REDL AL A 2R

1.3.1 HETREBRE R FEEIE

BB TIRGEIOER S (ZIHSC) £ Fai X R A S &R & T HRANL
il BB A ik e A A o FL AR R DL R A SR O s A AR, 2 ALBRATRME N
AR, SRS A TS R K R AR 2R o 2R R P R P S 1

POl E ML R B 1) MLAL G . 7E ZIHSC FIfERELEIT, REEAEiE 5 R
LEGEE AN U F RS, AERRIE AR R T A A 9 S PR DR A B R B/ A B
(7 IR LE B DA R T REAT Zn/Zn? " (¥ RT3 rE AL A TR AR e N o 78 PRI A P FL ARV
HE) Zn® R RS IKEN T IERS B R I A E TR, [RIIN IEAR S i OW R 5
TBCHELIS U A A < Jem D SRV A, TR L AR 5 T X P 2 R B A AT o X — Wb T
TAEHL T 23R o PR s 7 S i 3P0,

BEPHRR:
Zn* +2e o Zn*" (1-3)

GLE
C+X e CIX™ (1-4)
C+Zn*" & Clzn* (1-5)

MR A 2 T524 (N O. S, P25, ¥y Zn® /H HIAL 24 BH /B PR 14
BAMAR A (C-O 1 N-O Fonfrt BRI B BEHD, H BT
C-O+Zn*"/H" +e” —C-0O- Zn/C-O-H (1-6)
N-O+Zn*"/H +e N-O- Zn/N-O-H (1-7)
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BEAL, KB T B4 W82 B 7E Bk B A% _E A2 e AR R 28 7K 54 ZnaSO4(OH)
6-xH20), ZnisSOs (OH) ¢ xHxO M AT 8842 H Tk R R 1 pH {H 117284k, i3t
—BRHHBOHE T2 T RN, RMUTTR:

6H,0—60H +6H" (1-8)
470> +60H +S03 +xH,0>Zn,SO,4(OH), xH,0 (1-9)
Zn,SO,(OH) 6'XH20<—>4Zn2++SOﬁ'+XH20 (1-10)

TR R R 7K S0 AR i A TR T i RS LBR 454 v, i 81 P 0K 3
KRNI, PSR sl e, SEUERE A AR T %

1.3.2 e R BIFALR

BRI LR TR (SSA) FLEREEM . ShIRLE M R T EIE T K 45 i Fe s
B RA S TR R A B S . H T ZIHSC 1AM kLI = B & T
R & F BRI A R R, Bln 2 Lk, BRPIKE (CNTD.
AN O EREREE o Z AU T AR . RFLABURI ] LAt e iz
7o BEAE KT ZIHSC Mtk RAGE MR LI, RN C& A AS
5% ZIHSC TERE I 71 HIBREERRL LA A Rk il i ZIHSC
(1) Z4LEK (PO

2 FLBAA R IR L 53 R R AR P, O RO 5 PR 2 2 R FRLV S5 i B 1 i
Iz SRR R 2 — . HRERHASE. mik 1000 m? ¢! PL R R TAR,
AR M 28 AR . LS S Ve RS AR IILE A . RIGIEER e, 58
2 00 T AR T R DA B R AL PO 3] (AR R 2, 383 Pt B4k 2
WA T2 Z AU BHEAT kA EE, ) HE— D ER T LR 2R LR AR B, 78
BERS IR G B AR ST, TE MR AR R IR G S TR L 2 R e B
R 3 - X LE AL RR S AT RO IE FEURK PEAR T S T P B B TR B A AT 3
T B LR B RERT) . Zhang S5 APSHRIE 7 —FP i PERE R ZIHSC, 1Z4RH2
WS B KOH AR A& A, 8 AR AN A i AR AT B TR A T & B )
o T2 H) ZIHSC 7E 0.1 A g [HL R B R EILHE T 146.4 mAh g'!' B LA
By EDREL N 160 Wke' I, HLAERE% =L 117 Whkg's TAERERZ N
68 Wh kg IZ1E R, iZMP R T A% T 15.8 kW k! IIEEIh R %R, JFHE
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— R, TEVERR AR I LR TARECR, R R, FAEE S
P THI AR 88 - IR ) AR 40, SR, B AN W FEAR PR R I — S 8, TRDAR
# Largeot %5\, HIk BAZAE R FLAR RO WU 2 28 HA R, AR AR AT 11
W, BEAAREL R T RA), WRBIA B, 1 4L E T R K 50%
i, SEELR R RMEM, Hk, %FF ZIHSC, %4 zZn® 3 1. AAbEEE 7. S03-
B 7 HCF3S03 B 173514 0.74. 0.86+ 0.73 F10.87 nm I, #2527l
%) 0.8 nm. Zhang AT 7 HA 1293 m? ¢! BIRELR IR A5 02)
0.8 1.1 Al 1.2 nm HZE LA AT 2 FLB FL b, FLASE P AT 28 il i o 79 28 i DA
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K (CNT) B TH KM SR, T2 ROVNEREE .. mItERms. &K
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Fig.1-3. Schematic diagram of single-walled carbon nanotubes and multi-walled carbon

nanotubes!®]

Yan 25\ QU2 4% T HEBERRGKET (TCNT), I3 i fi i 4R Ak 77I3E 47 41
B PE RIS F A5 E & -OH B AL TCNTH, TCNT-H,0, I H e 1 FEAL
FPERE, fE1Ag ' PN 1181Fg!, H5E1Ag FASSFg ! BIE4E TCNT AL
A RERIN . XIUE-OH B R MAE/E B & 18 m T BRI LA & . %1 TCNT-
H20,//ZnSO4//%# i ZIHSC 1E 5A g TAEFE 10,000 K5 AT LR¥F 100 %A &, &K
REE TN 80 Whkg!, ARIIERHE N 4kWke'. MAL, BRIPUKE HA RIFH
ek, ATRAAE VR AR, BRI TR AR N AR, DA T/,
A2 SRS 385 QB A O M BB L4147 SR, ONT MIHE AR R, K&
TEHREANITHE O REEC EIEE ONT ERKRITE R, BE. KEMEELT
[ LR IR,

(3) A4

AR E 2004 FER R IR — B s AR, RO e B A R M R
FlanfE = R 2000 eom? V! s I EEFIEREER, MM IR 0.5-1.0
TPa, WA 300-400 N m', WiZdsafE2°8 42 N m™!, 2630 m? ¢! s R,
— AR R FE AR, A S R T T RN e B VR 0 P2 F A T B
JTZRR SR T Re R B, a0 i AR A A o Li S8 N DAl S5 B AR G o
WAESARDTRR (PECVD) 7E R i LU R T AR VS A B 4T 4 b6 B T 8 B SR 0 1
5, ARG EA AR B AL I FL A M AN R T AL RS AL T B A 06 (A-
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VGN) BY, 3 B A7 SR I B 5 2546 A Rt 2 B8 1 R AL S MR i, R AR i
THUs AL, FET A-VGN BA#KE ZTHSC /£ 5 A g! N4 10,000 1K 78 HL/Ji FL
W AT ORFF AT A T 1) 97.4%. T2k B A 880 Fr 2 18] (R 5L 58 o SR ) Y A
177, A SRIEIA T 25 5 TR AR, (A EATTHE LAY BRZE VA 77 b DA AE & B ] 25T
W B A BRI, i R FLIE AR ZE, RO B TR

(4) Ik (HCS)

e BRER (HCS) RBREKIEM 7 — /N nt, Caslie TN RIS, K
AT HEA R NIRRT AL, eI AR R TR, AT RALAE . AT
FOJERE AR ELEE BE L AT AR IS DL RBF LR SR BED3551, b4, 20
BER B 808 38 008 T A OR P M- PR O R TR e i (R e, AT 508 8 - i T e
FERE IOl BEAN, SRR o A SR IR T L i I LA R S AR I AR E M, [
NE R 78R B A [ RSB ET . A S R ERAE P VR A 3R
ARSI AR A A I AR R I R 4, RILRFE ZIHSC HrsEif, LA
W7 ot ZIHSC PEAERI MBS0, Chen 45 AT 3 T 3L R WIAT A 10 S TR ER
WM A ZIHSC, A T i A BRERYE ZIHSC H g FH 2L, i A 1) i 25 B BR
HATZ) 100 nm EARK—BURALKIRIAR, 1008 7 HCECT A ) [ 44 B 4 K JkL
(SCND FERF ER1G 2 9 B A s 4k, & 1-4 frzs . HCS AT SCN ) BET
LR TN A3 31N 819.5m? ¢! 1 246.7 m? g, AE A vh 5 45 4 B 25 v 1 LE R TR,
T FBCE w0 AL 22 B . 5 SCN [ 38.8 mAh g ' MLk, HCSE0.5A g!' F
SEIL T 86.8 mAh gt [IEE LA R, ST HCS 1) ZIHSC #esLHl 59.7 Wh kg!
[RIRE B 5 EE A 447.8 W k! TR . ZIHSC 78 1.0 A ¢! F43d 15, 000 X7
WG, hRefReF 98% KA &
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1-4 HCS (a #llb) F1SCN (c A1 d) ) SEM 1 TEM {4621

Fig.1-4. SEM and TEM images of (a & b) HCS and (¢ & d) SCN.[6?!

BRI S, 52FLBAE BIEMEAREL, sk (HCS) BRI EMRN
BET LR HIARRHE, HHM @SR SBHRAAS (ZIHSC) MM 5 2 fLik
B Jo A SRR LA AR I A B R . (EARE R IR, RIS % SRE T T R
F+ HCS 2 ZHSCs I EiERE /1 (AN bb A SN R &% B S5 0B A ), 1%
IARAAT AR LR AR A FEAIC, SX R R AT A8 IE PR 45 2% 51 1 45 M SO AL RO,
TR T 1 55 X0 L R LA R DR . BRI, A0 SR AR IR AR AL R A AR B, Rk
BF 78 R B R R LE SEILA 2B R M IR RBP4 HCS LR IR i o v SR g
] G S o A S 2 L5 AL R T R0 P A5 Ty vk, DA ) 18 5 5 T 00U FRL 2 i R A A
B R NB) )

1.4 ZILBEMRNERSGZE

1.4.1 ¥R

YRR AL T 208 4 WAL SIE LI B, 55— B Boi Ak A B A R SR AR 7R
400-1000°C ¥ FE X [a] N &2 A i 72, IR S 55285 6 S /K AR E01E H
TIZB RO, B, A4S kAR NIEE S TG R, f&iEd
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DT EAPE GRS, FINB B U, SRS m o R AT IR AL, 55 —Fir
Bom i B, AR (UG HaO(g) CO-BURG M) Sk 48 [ B LA
AL, BT R R RO,

C+H,0,—CO+H, (1-12)
VTR A R P AR . RN R AR R TR R %S
BORIF - FLE R . WBEE R A BB 8 SEFNR . AR .
e L2 5 TR o (A BE AL T EAE R = IR B T AT, [RBOS ARV 6
KEMAEE. HTWEENRBNEZE, fesmfHRRAC, MR SSSA FIFLK=
BARCINT 1000 m?/g)],

1.4.2 (LZE5EL

b 25 AL R SRR/, (KOH. NaOH. H3BO; fil HsPOs) fE—E i
JET S TR S, 1531 SSSA K FLBR R i 22 FLAKR 0% O A S AL F % o
FEBAR IR BN ] DL AR ST A BALRROR, , (EVE AL 25 TR 5 7 S350 Uk 2 PRk B
B A 7118, KOH 2 H AT &) iz AT BB is A7), L AR 2 an
T

6KOH+2C—2K+2K,CO5+3H, (1-13)
2K,C0;—K,0+CO, (1-14)
K,CO;+2C—2K+3CO (1-15)
K,0+C—2K+CO (1-16)
CO,+C—2CO (1-17)

5 KOH FHBL B & A FIE A NaOH, £ il T -5 Bk il R 4 & A A 7 IR
SRR o B IR T PRI, AR 2B AT AN N FLIE A FLEE, Van 25 AL
NaOH MG 15 LR AN 2681 m? ¢! ARG 2 FLAKSY), R MALE LT .

6NaOH+2C—2Na+2Na,CO;+3H, (1-18)
2N32CO3—>N3.20+C02 ( 1-19)
Na,CO5;+2C—2Na+3CO (1-20)

Na,O+C—2Na+CO (1-21)

11
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CO,+C—2CO (1-22)
Wi AA 2D AR K, HsBO; HINERT T LS AR &Y BN E e RIE
RCESE, BERTDMENEAR, AT DHEATI TR B IRH, & AR TS
HAG R RE IR A Lo A, G BIR () # o g A AL B K KT A# . H3BOs
A1 B203 2 [A] ) AT 1 4 A8 0] DAR 25 5y b SEBI, IX3E— 2006 g 2k o — Pt
AT RS P ERBR 2R, TG 7R A RS A0,

Hydrothermal
treatment Carbonlzatlon
Wash

. KOH Porous carbon

Hydrothermal Solid product with Porous carbon
treatment with KOH residue KOH

B 1-5 ARJEATAE 2 LB Ak S A ) e LB AT I R s 73 [ 67)

Wood sawdust

Fig.1-5 Schematic diagram of the chemical activation preparation mechanism and process of
porous carbon derived from sawdust.[7
SR R R IR TR AE VA AR o AR AN 2, AT ORAA
2V b sz BB 1, A DU B E BOFLEE 1 o A RS I o, B A e gt B2 %),
FLERSE, SRR RS, s 2 LB O . BRIk, S B RTEAL
TZZHARTHEIENFE . LRI, FHYERRIL 0 AR

1.4.3 7K FAER1Y

IKIBRANE R —FMICREFRE . BT AR B G T 2, TR 2 FLARA R4 B
AR, HAZ MR I 05 A 5 A SR & o 1 2ol R BT ORAA [
WK SRR, BRI R, SRR, MEREBTREREES

W, BAWEEZ RSN . EAERERE, FHREIBNEAE 1913 FF@EE % T
SRR AT, HIFETCR TR, AKIRERAL =P (R85 5T 4L S5 A A 4 1
FARTE ISP 07 B A AR .
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BT IR AR % 10 2 SUBRAD R DL 2 A5 IL %S mali . fLies)
AR RIE RE BT AERAED D 72, X SRR A FLAE R A 2 Ak RE SR I H FT
WL A5 o (HIZEARNIAFAE SR A PR, S BIAR 2 b [FI I A AR RO K S 4
R G FMWAE S AL R IR 15 &, M DL SRS A S NERERY s oK R AT
7 it i 5 S M EE h 5 R AE AT VR IR, SFEURSURIERE L N .

1.4.4 #8155%

AR I 1 2 22 LB A B BOR B A 5 TR U 55 BRI R TR 45 1R AR AE TR 5%
PN 22 e A B A Ak P 8 S AR e e A 1) 6 22 SLRRA R, AR AR R ot
Z2 5 ALK ELR o AR . OB K B =2, A REARE L SiOn.
MgO. ZnO S&THUAT R ARG EEALAR Y — ROBREE R, T ARSI SR ik B 3 26
Y) F127. PS-PAVP A NUE 7> 7Y S ik B A HLH] 5 RTIRIA B S IB s E
FLHEZRUH, BARRIURE AT IR . BRI CLREK) RS TR AR R )R
i RE AR LA S B A AR 25 S il B L3R PR LA A 5 S A I R sk
A IR AL AN LR 12 R B SRAFAB VR FEE G R 5 i /KT FLARAR 405 ) s 1 T
B IR ORFF S, BT BRBGENKITA LB S 403 il B A AL 2R R
Hh 2R G R AR D P EASTR AN TS 7 AR AR 5 N R SR 2R 1T

FERRIFIE M LTS T, A [FIRRAR 1A A A7 AL 2 5 R P PE 22 5, Bl ST A i
H AL SE I MC RS A 28, RS ARSI 8 o5 1 2 AR RS ) i ) T 2%
FEL g AE I 70 2 SLBIRAD R, (B T 2R S BB R ) it 2D B HL 75 T 4
REIRIART, 5 51 R KARTS Gl e, AH b2 T PORERR % B RE IE S o i ik k77
fEFH AN 32 IR T B A R T 2R PR B3R, 10 B ARSI DU 2 f] A ) 25 TR
[Fi IS 0] T SR A 2 2 R R Tk PR ) S A7
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" 2h o i ZnO+KOH
B yoe @aromatized pitch
- ] 1 activation
R ) .M

Graphene nnocapsule ZnO@K-containing compound
1-6 ZnO AFRARR %A 2 2 FLBR (1 7 R 1R 3
Fig. 1-6 Schematic diagram of the preparation of porous carbon using the ZnO hard template

method.l73

1.4.5 KRB SE

TS — M SR (U R BoR, AR OB AE Tl THRBE /), 7T
TERIF RN IA S 1000°C . ZBARTEZ UM B b BA 851 . HiEs
INFATT AL, BN PR A R AR R SR 22, SR ()R] 45 B 28 1 R L 20
1/3-1/5. BT ReEALBE BRI, BP0 s . R 3550 (e 43 Ak
T A R i v P T B R (E TR VR, RS A K e R S [ B A s 1 R A
59, SEOLE KA = L AUBA R (PCMD I I T2 O AR S
LIRS e i SR/ TR AR (B 1-7a) o ST RIA R AT 23 i
YREN, 431 18] BESEOKS L L RS 5 AL AR o IR In A sSSH 1 1% G i T B BR 1,
A G A B AR B ph 2 B B e (B 17D, T AW mT SRR AR A 25 51 32 3,
TR MAZ o AN BRI 3 (& 1-7b) 0 SRR PR 3 T AR AR i 1 2
S AERH ST T, He 55 NSRRI (CTP) NJE0RE, il ik
My e KOH i AL S ms il 2 i w LR T AR 2 fLAKR  (PC2-MD, H: SSSA {HTTIA 1786

m? g,
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RO > @@ @
IQ\- s 0 @ @
e

\‘ B0 ) Q \.:E.)

w w w w
c c
2 o 3 > o 3
s ° 5‘ - -] o
(b) a 3 8 (c) 8 8 8
Lfter several I\fter several
g seconds | T g seconds
B B
é. Beginning E. Beginning
8| outside | Y outside ~| Outside Outside
temperature temperature temperature temperature
cw
~ - e
oy I X' Molecule turning
Heated _ _;AV 12_ ——  friction Heate Heat transfer
sample AN® sample
’ ! \
4 : Microwave Outside Heating
€ Microwave heating Traditional heating

€ Microwave + Hot air heating=Core + Surface heating together
1-7 BBINARINLEE (@) AN (b) RN AL I (o) B BN FA i AR A7)
Fig.1-7 Mechanism of microwave heating (a) Dipolar microwave heating (b) Heat transfer in

microwave heating (c) Heat transfer in conventional heating!’”!

L5 FRXHMARERURARAR

151 IRYE R

WA RERIE N NSO S R R A, IRAAE R BRBEIR A R L £ 5
MO Forbr, R D A AVE RS« DAV BGE 7, R UL B A RAT K
PHREIR 2 AR BB . AENRRIRIL B R Bk, B RGH Y 50 %I
KRR ERIE R L (Coal-Fired Power Generation, CFPG) iR, SR, %A
AT 2 5 Gt R R B CELEE 48 e R HTEs. AUENY) . A &
TGRS, OSBRSS ] B I . A T SRR SR A%
TR, FARRER I T B CE R B G IR R iy AT B AR RR IR (7T
FRAERRUR . JABE RPABEAIK L) 2 —MA R Jr . il @@, 24y
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FAERBEARZURB MBI B RS, AT USEBLREIE TR R . N 1 seBL %
R MREIRGN, TFRAREA . IR, m R RS EE TR 5 L DL KA ke e
PERI R i BEREE . KRB TR G HUE A 4% (ZIHSC) M i e 55 AT
VIR L AR AR 2 Ve i S1E 12 T O R R TR T T R
ReasfrZ—o LEAh, EIEHEAR. HH D AR A, AT DMEAARK
SRR B . [ERERERE, KAEE TRGEI AR AEARRN RS
st AT EAE BRI R R BRI O T RE B K R TR GBS
e BN HT, BRSBTSt M R Bmi ot rE AR AL o 55 v A 1) A 2804
MXenes. &@AHUHEL (MOFs). i e/mAMMAFHESYMLIL, £ K
BT AL A2 R BA 2R B | ARANAR AN 53 T Al M O A R
G170 HAR AL . A2 5 B SLBR AR 2 S B AT AR R, IR 2 S R DR EL ik
SR JEURME R A LA BT R AR AR R, R IR Y e B I AE A
Seft 7 RUET AR . WEIURY], BRI TESH, WA R AR R AR
I 22 St o RIS 9 B A DR i i v R A 8 ABA RS I 1 R 2 A AT R T 4T 14
ST 5o [R5 R M AR AT AR R FE R IO 2, AP AT AR A REAY
3R] FRAE HANAS AR, 385 De A i 2 1 0 455 1R 3 A 7 B A9 B A 70 e S 25
J7 DA AR G BT A R0 E . I H T N/O SFreR e KRR s
#HITEER, HREFAM NO HKBRFEAUR T RN s, ERZERT T
FA/ FL R R S TR, S R BB R O iR B AR K &R ZIHSC 1B A
Bl —. {H3E, HHT ZIHSC KR FEA T llm LA F Hkdk

(D HHRREA L, AT 22 2R, XML OB R FLAE . i
W o, TR 2Tk, fLIESRYE, T IEARSCH R, 2
FUBR AR BR AL, AT S AL 22 PR RE

(2) ZALBRM BBV ZE . K2 BB RHSRK IR E, SBUKRH
FEIBORIBR FELRM R R T FLFHLBOR, 7K &R ZTHSC I R M e

1.52 fIRAR

(1) R FUBR A ] 32 1) 4 S Ho A AT N
DL A IR B B AT IR, 200d KOH — 5 im ikl 17 BA & L B AR f
K %2 Lk N/O LB 44h Rl (BCK4) HT ZIHSC IEMARL. X BCK4 #4774
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TGS FLBREEH . JOR A AT 7 AT i, FFA oK R, SRR
£ Zn//BCK4 #41F sl 2 v se AT M AN o 5
(2) FHEINRIER RS R 2 L TK REEE T IR BRI AR

PAPS 54 N AR BR, @i KOH & b3 N ZUKHET R IB 42 A P45 5
N/O 53 2% fLB% RFCN20, S50 KOH 3L 7145 /) RECN LR AR Iz K
BT EIB I RFC20 HEAT HLEL. MR LR T AR I 70 2 2 FLBR MR T8
TR G B AR AR DU L R I B e

1.6 BIFTA

AR UR AR AR DR A A Y 22 AL ] 4 A R P A AR B A9 DA [R] % ST 1 5
N BRIIMEFH T/K & ZIHSCS IR EA i tE R AR N/O L4528 1 Sk 2t 2 FLak
Mk HAIHT Z ATE T

(1) FI R AE i G AA ] 4% 23 4% 22 P RE o BRER AR B 1) R A i 1 22
i IS R T R REAOR R e B, IR e 2 AU, RIS A S ra b el 4
PG, AT m U B FE T ORER T (M B 22 PR RE, [ B RAFHIPEER
T . A BRI G RT3 i R S

(2) FFH P 2B NBRIEHI R N/O SEB A A R ZAURRAM B, AP h A &
IR SR 45 RN BA 1 & 2R 5T, WS THDRER T IR v A SR A& A i R
AER .. N TR TR EARBE, RIS N0 B E .
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£ 2 B BES AR AIERE L HEREITAWR

215|8

BEE LA PR R, R R RRT R 5 (0] 23 A N 2 75 T I (7™ Rk
f, DI TR REE VAT B AR BRIR BN S AR A . 5. JKae.
BE WY RE. KBHAEAHEL, F Ak 5t B DR L% S8 T S (1 P B ELAS 52 3 24 R 4%
A& Z EARTOS, FAp R K REE S IR A A 3R (ZIHSC)d i Zn? 7E Hh Y
4 Joa e E AR P 0 V5 A R B A FL 28 R iR I R s R /5 B S B e i I A, 4
F T 0T 7 R PR v R PR R A P A AR 1 i D R TR T D B
AR LT B % X it B A 1 i e B TR R T R R, MU R B IR
FIHRL R e 2 — B8, Ak, SR RARIEFESE . SR ST,
IR R AL T T ZIHSCs UMK Rt s . &S B e
WA R SR 823 mAhg!, RAHNFEARAIAMIE R B (-0.76V vsAnifE AR,
B AR A 22 A AL B ELIE P S 1, S B T B s e L B R R T
RN, & RSB ) G S L B/, PR T ZIHSC RE &% R A%
AR — BT SR, 5 AR A 2 B R s 7 A 22 A T A R i
177 H AN g 25 78 R0 2 i 45 ) REAH BL, B Rk DRl AL S5 M I IE A7 AR B A4
A 2R U AR A, A DU T VR B PR AL AR, T T K iy S U A
JRCRRRE 7T, WO s BRI A R, SEER ZIHSCs HLAL 2P R R T LA R 1
KRB, SETRE B . DR RIEIUIR, BERIE N T ARRRIE,
HITHII RE OB FH SR AR R B8, AU R T B R B BRI 9%, R Is ok 17 7™
H IR EL G el S8, T A R R AR SRR, U AR AT IR A
il £ LA A0 S P R B 8 VR A PR FH B SO L, A R R % v R30S v A0
IR 7 A, AU B T3 BOR R 0, EReiniRaEs) “orhfn” 5 “prik
e (RSB o

BT, AT EHH A BRI AT IR A, @ id — 2 KOH vWE il & T £
FLB, XIS TR AR R TR AT TR A4, R R
TR 22k MBS R B PUE S AR FBAR T F 8 T ZIHSCs B
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AR AL AR R, AT TS SRAG N BR IKIR v R E AL R A R e B TR &
o AR ARG R 275

2.2 WS

2.2.1 SLHME

FRACHREENS =B PR A WpRE)S, 20k E 100 H BL R RIARBER, N
M 105°C F1E 120, TRANBAIREH . S840, /. e, BURLE
FIH REDE 60%). ZIRBFES (ZiF 99.99%), FrE AN Hr4.

2.2.2 FEUHFMEE
R 2-1 WA
Tab.2-1 List of Equipment and Instruments
BB FR | AR
HLF b R HZK-FA110 e () T RHCH IR A
it HXL-1200 IR BRA A
(EEva 608-12 S IR A A PR A
IR DF-101S FEIFR B A PR 2 7]
PRI FAHE S 1 5 2 85-2A PR A ) 3 A PR A
TEIA A IKIE SHB-III KPR A PR A 7
ST HEBL XMTA-600 R REACGERE R AT
HLAL 2 AR CHI-660E b RAELCERATIR A
i R R G CT3002A DT L AR A BR A ]
B AL MSK-HRP-MR100A B IR AR A TR 7]
JEFEL ZHY-401B AR DR A IR TR 7]
2.2.3 RESFLEAIFIE

BN 5 KOH &R s e — 2 el (1:2. 1:3. 1:4. 1:5) Tk 7850 0f
BEIR A, B A KR A R B b R IR B T Ui, ZE SR BA 2°C/min
(RN A FFE 2 750°C, REFNEIN 2 h, BEIREE . BEINPEE 2
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mol/L HIH ERERIE S 1 85°C F ¥4I, 6 h, Fl K EZRIW /K29 M. 7F 105°C
M 12 h, SRR L LBk, 53 9ler 4%~ BCK2. BCK3. BCK4 . BCKS.

2.2.4 B A&

W& EER Z LR S RIS 20 LB 8:1:1 KBRS, M5
NEREBTK, BN ERLRE, BT R ET 50 °)CTF &R
R, T 80°CT#8 12 h a7l BT R (EAERN 12 mm). /2 (1 em X3
em) FIFTE (2.5emX2.5em) MK GEHEPIR I AEEL N 1.0mgem?),
Ja IE TR TR B4R, BISER T R A A 4%

225 FRTFRABRBEARNAR

(D #0508 ZIHSC HEe: HESRHEH Zn 98 JEFE 80 pm, HAT 16 mm)
DPRRR, A8 R T P RS ARFT B DARR 25 3 2 S8 A I, DA 4% 1 [T 08 22 Lk HELRR
FrABI%, HitE 2 mol L' ZnSO4 /KIEWR N HLAR T, Whatman E BT 4E JEATUARE
B, fefakH CR2032 BUABEMN LTS, TRMIIRGE. AR BN .
R BHAR Y AEEARE Y. B3 . FHARSEI P B4 T 4 2% 03 2

(2) #EFEZS ZIHSC H%E: DITEGH Zn fE B, BHIR@ZnSOus, N
T, i) 2 (R RE TR 22 FLI Al A, 42 HR = VA S5 M 43 0 FH SR
il 3t e DA s AT Y A . oo, B MR K ] & I R 1.5 g AR S
6 mL ZnSO4 ZK¥FM(1 mol LR E G, T/KHHH 65 °CHii+k 1.5 h, 1F3NHE W]
REVBN B IR =R T # I 4h, FEETEEERRIR.

(3) ¥t ZIHSC ke VAW ARST BERR LR EEAMIRRT Zn § (3 em X3
cm) NPAM%, UL Whatman BEHSLFHEGEACNIRIRL, DA & (177 T Bk 2 FLAK Bl
o (2.5emX2.5em) NP, RxHEBAE I, F LMJZE PP BRI, {3 H RBETE
iy giselil 58, BT PET/PE & & BONARHE AL A 52, A i1 2 mol
L ZnSO4 7K W AR 5T 78 4310 R JE /5 30 26

2.2.6 FETRABHEAFABLF MR

A TR A A S PR RER T AR 23 (CVD, SZHiDT (EIS),
TEIR ARSI (GCD), WK R 4
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(1) R 2k A RE T, A A AR A i B LT, SRASH A N H
TibE AT AL R ESL M £ XS thZdt AT o, REVSIS BRI R, BT
B R R AR RN SEE D .

(2) b pti: WS T B R RIEAR, BENS 1 AR SRR B HTAR
FAEE . P EREEEL AR AR AR PTIN B R VE R 2 0.1-100
kHz.

(3) iR FE BRI S AEANF] R R R B AT T R B, ARYE GCD
ik, WL —NAXA LSRRI LS B (mAh g!), BEEZE (Whkg!)
MY (KW kg™):

C.=IAY3.6 (2-D
E=VAt/3.6m (2-2)
P=3600E/At (2-3)

Horb, TR (A, AR (s), m 2 TAE R & YR
i (g), VEHERD (V), EZAREEE (Whkg!), PRIIREE (Wkg
D

LA ERFFRRIBAT n IRFABCBIEI G LA & 5P LA B E, H
Hon R ILARRFRR, CoRIEA n KA ELILE R (mAhD), Cok
VIdhtE A E (mAhg?), HHEAXWT:

n=C,/C*100 (2-4)

2.2.7 RIEMNB R E

MHBEAHSZ AR K TM 3000 B34 7 255 (SEMD ML [ FEI A A
Tecnai-G2-F30 %35 5 i 7 5 B (TEMD Xt 22 FLBR AUV I S0 45 M HEAT W 8%
K EEZ 1) ASAP 2460 B EEZR AR R ALAR 0 T A € 2 FLARAE-196°C %A
TN AR 2, 4y BliEiE BET A0 BY At SR bR A FL% M AL
B At KGR U8R Xpert PRO MPD B! X SFRATHMY (XRD) AT [E F
JEH AT inVia B B (Raman) 43Hr 2 FLBR B A S 454005 2. SR SEE
FEER K /RBHE A 1) ESCALAB250Xi %Y X $f 28 6 BT REX (XPS) /i £ 5L
BTG R AR R SL 250 Y f il & OGN 2 LR R . R BigR
e CHI-660E Y Hi Ak o TAEufi BEAT1H HL i 78 JBOH i 2k (GCD) MR 22 i 26 (CV)
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FAZFFHPTRE (BIS) HAL2=I. @i O L CT2001A BY da ik R 43t 47
ZIHSCs FI£% 214 B AN G A4 BE At o

23 HER5WR

2.3.1 BEZFLRGEHRIE
FI IR A BRATIRAR, #%d 3D WHRR 2> % 22 FLERAR N & 2-1 s .

Cheese-like
skeleton

~~~~~
g

/ Pyrolysis Graphitic
in one-step A e
Bituminous

2-1 JHHE— 25y 77 3D WK 0 R 2 LR s 7=

Fig.2-1 Schematic illustration of the one-step production of 3D cheese-like hierarchical porous
carbon from bituminous coal
(1) A5 R 5 0% S B /A
A A 47 LT AR (SEMD X REEE 22 LB AR O TSR EAT R G R AE (B
2-2), RN KOH JEL ) BCKO IR HDGH B A MRS . 4 KOH i
AL FR 5, FEARE A BRI, OB KOH=1:2/1:3), Bpf kiR B — e &
SER (B 2-3 a-0) o BB TR LB TR 2 401, BRADRER I H B35 M 45 M A,
RITY U B AC Bk 3D FLIESS M) . X bS5 M ARV TiE A FE h KOH S5k
JBIZIL [ N (6KOH +2C — 2K + 3H + 2KoCO3), ZAhZI [ N AT 30 1 1 A1kt
IFLRR A, A F AR RS A i i RO o, RIS 3B 5n Tr 2 5
A A7 BV PR AL Ao (B S AL L) T s 2 501 I (&) 2-3 g-1), R ZH 0 200 vt
L NAE AT 3D FLIE S5 RIOR, 2R, TR SR A
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TCER AL T, ReE A EGE (EDS) M4 R En (K& 2-2¢), BCK4 4
BRI A A4 C O N. S UMK . EARERRZ, N A S L RIE T4
FEHTIR AR AAEL 3, R & 12 b D SEL U 7 SR AL B 48 2%« XA N/O XY
A S [R145 Z WL T 7= AR 22 B AR A 80 « e 5 P ARk 2 T ) 3 1P R R v
ARG B INA ROR A S ME LR TR RN 5] N B S Dumk, AT 2 & 32
THEE A A A7 5

Spm
===

S JCEK EDS WU K]
Fig. 2-2 SEM images of coal-derived porous carbons: (a-c) BCKO, (d-f) BCK4, (g) the

corresponding elemental mappings of C, N, O and S elements of BCK4.
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2-3 BT Z FLBRIG SEM B4 (a-c) BCK2, (d-f) BCK3, (g-i) BCKS5

Fig. 2-3 SEM images of coal-derived porous carbons: (a-c) BCK2, (d-f) BCK3, (g-i) BCKS5
A LT B R AT IR A DO S BB AL, BRI R B S T R
(TEM) FRAE#—PH#7R T BCK4 FIRGA A ARHIE (B 2-4). MK 2-4 (G-D 7]
PAWLSE 2] BCK4 Ak} LR 1 T0 5 T B 4h 44 TR B Ja) 38 DX Sl A 22 P HEB IR A
SEAGO DX . T8 I X 2 FUBRAD R RS 2 20 i IO 25 R AE K B, KOH &
FRIE TR B A o R o R S LR XU YR L. — D7 T, AR S0 A Al
IRz AN S =42 LN S5 MR G 55— 7T, KOH i & rT bU3E
BRI L, WA 8200 2 I R AT R RIS T AR . KOH SR 1 4K A4 1 5
B LGHE IR A BRI 2 I AR K B A AR, HE 2 1) KOH X R A S 4 45
Ha o SXPRMURFI “TCTE -7 R A A A AR S A SR DX T 5
BT 3687 5 10 TG € T o7 o = IR L A5 R D L far A7 4R 1 T R A2 1
FLAGZEE VR A, AT AT DA R O 2 35 R Tt ZIHSIC 1 sk ke, NHAE
R A 15 1 0 QA P S FH R B ) el R T S5
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B 2-4 ATE 2 FUB I TEM B4 (a-c) BCKO, (d-f) BCK2, (g-i) BCK3, (-

BCK4, (m-0) BCK5
Fig. 2-4 TEM images of coal-derived porous carbons: (a-¢)BCKO0,(d-fIBCK2,(g-))BCK3,(j-
1)BCK4,(m-0)BCKS5
(2) X FEATH SH 205 b
BB X SHERAT I OB 26 RESCRN BT T 55 22 FLAR 0 b S5 AR ALE

M 2-5 (a) XRD 1 B ] DL 58 7 ~2 50 Fl~43° W 22 2 5 ANRFAERT S 06, 433015

& T TRIRA KT (002) F1 (1000 f&Mf. 5 BCK2 Ak, BCK3. BCK4.

BCKS PAMTAT I 58 B B SRRk 55, 1% /2 B KOH ZPi A FH FRAIK T b R B2 5 2
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(¥ B KOH SRR ATIRAAR LE A R T m, A B 06 10 5 B S0 M FEAIK, I B KOHL X6
BRI ZI T VR P IZ T 5, BiobD R} 10 S 2 R . b4, BCK4 1) XRD % Bl
FETE 20 <20° X IGRGHE I N, 33— 25 Ui 8 BCK4 f77E KR AMFLAE B, X —45
w5 TEM g R —58. B 2-5 (b) il TR Z LI Raman J6REE, 1F
~1350 cm™ #1~1580 cm™ I 7B D WM G g, J3JE T T0E TR AE M sp? AT
SBALGE sp? B0, D IS G IESRIEEL (In/le) & FH TR TR0 7 S
%, 445 BCK2. BCK3. BCK4 fl BCKS5 ] In/Ig {4514 1.134 1.11. 0.98 Al
1.08, W] BCK4 BAE SHARMAEE . X2FY KOH BA 5 S5aes s
SE A5 sp? BRI BL, BEAIR T H S matmisd & 7 MR A SRR

a b C o

i ——BCK2
BLES T BCK3
I~ = o ——BCK4
g a TASA BCK4 £ 25 —BCKS
z = =0
s £ BCK3 § 3
E E 2
B BCK2 Z -6
C &
10 20 30 40 50 60 70 80 500 1000 1500 2000 2500 & 150 300 450 600 750 900
o Raman shift (cm™) Temperature (°C)
20 (") p
40 e o~ 5 f - v Vitiers 35
S - —o— BCK2 o
E BCKS oyl 8 BCK3 g 2 ot
SH| oo | et | S e BeEm RN fs;
j- 5 <3 —o— BCKS > |95 s " S 0
T 20 < O 41 | =
H z 2 NE Sper Suticra < = 152
= B0 2= = = =
< 10 BCK2 Y o | Cl - e
z =1 - ) - 2 = B
= ; £ 1r= ES I B =
=z ‘ = |'gw &3 & =1s
g0 R =0 w | = A
=4 0.0 02 04 06 08 1.0 05 1 2 4 8 16 32 " BCK2 BCK3 BCK4 BCK5 c%*’o‘“’&’
Relative Pressure (P/P,) Pore Width (nm) As-fabricated materials ¥ 9" 9" %

B 2-5 (a) XRD i, (b) 2l (¢) TG A DTG HiZk, (d) N WP/ b & i628
(o) LA, (O & EHR SRR .

Fig. 2-5. (a) XRD patterns, (b) Raman spectra, (¢) TG and DTG curves, (d) N>
adsorption/desorption isotherms, (e) Pore size distribution profiles, (f) Structural properties and
yields of as-fabricated materials.

(3) RIS
AL No A5 B B -t B It — 2B A 1 Bk 22 FLRR B FLIE 254, ] 2-5
(d) P, No WS B/t B SR 4 R B H TR & (1) VIV B IR 2R, RIAMRL A7
FERERIMAL (<2 nm) ML (2-50 nmD. HH, FFLIE R T iR tLR I AA,
I fL4a s T B FAE R R N e B . 5 AR S AR B, BCK4 ZEAHXTER
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RIEIITR (P/Po<0.1) EonHHE KM Ny Rt 2 &, XK BCK4 HAHEFE
AL, XK 2-5 (b) TSR ESE . 1Ah, A 2-5 (e) H1m]
DEH, WAL AME 1. 1.2 1.8 nm KR . Zn* /K& (0.86 nm) FIHR Zn*
(0.76 nm) HIRIAREY/NTIRXLERALRT, B ZALEHAR T Zn> 1) s RN
. A, 1E 0.4 <P/Po< 0.9 JuH NS SIW] R A I 7E P/Po > 0.9 I, N
WM RN, X R BCK4 HA - ALIESE ), BIFEINAAERAL . ALK
1L, 5K 2-5 () A AidhZ SEM & TEM 73 #r 45 5K — 2.

M 2-5 () HHETEASEFFERT LRI, KOH LUEIA 1 L6 2 3m3 1 b
4, SBET+ SMicror VTotal M Viiero ZE I, 11 KOH HLl#E— R3] 1t 5,
SBET- Swicro Fl Vivticro B 41, 18] KOH ZIh{F F &3 (et 1 FLid &5 44 1 4
J%, 5 SEM 455 —H(. Kk, BCK4 HA S AERIALE ), HAT R Sser SMicros
Viotals Vicro A 2049.1 m?> g . 1010.7 m? g\ 1.03 cm® g Al 1.02 cm® g! o XFb
057 B FLRR S5 H A BE S A R 3 B AR Hmik A, Nt ik 7zl 2, A f it
B2 PR T, K A A A A
(4) X GG R T REil 7 b 5 2R T E R 1 4 A

FIH X 8ot RES LR TT 1T HEEE 2L Lk BCK2. BCK3. BCK4. BCKS5
MR C R AR LAFAEIS . B 2-6 (a) 1 XPS &ilEmithHIL 7 C. N, O il
S WUMTEIMES, #H—PEWT BCK4 5H N, O. S =M&ET, HEES
N 1.39 % 6.55 %41 0.53 %. & 2-6 (¢) Ein#i Cls A& sp?C (~284.7
eV). sp’C (~285.4 V). C-N/C=0 (~286.9 eV) Fl m-n* (~290.1 eV) Ui,
B 2-6 () AT, @ HE Nis A& =F S 58 F, 208 T N-6 (it
ER, ~397.9eV). N-5 (%, ~400.1eV) FIN-Q (A%, ~401.0eV), H
1 N-6 KRR AN N-5 SRBERFAE T DASR LA SN 1) I H 25 0E 1T 4 v P Ao A7 i 25 o
1M N-Q Hft sp? A0 25 1 T 385 1 vl -5 A M gt o e s AL 2230 1) 0% 30, 18] 2-6
(e) f ¥t Ols AR FFLE C=0 (~531.9eV). C-OH (~533.5eV) Fll C=0O-
O (~536.7eV) =F&E BRI, N. O 5 7 BAR R B ik, TTEEK
T BCK4 R, iR mRmRiErE, BsEKE.
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ja]
c
(o)

—— BCK2 i
BCK3 C' LA Fitting BCKS|
= |[——BCK4 3 7
= = sp* C
& [——BCK5 O Aerd g p’
C S sp'C BCK4
z N A £
Z S Z C-N/C=0
§ At e - BCK3
= E -
N ) o ‘Acxz

296 294 292 290 288 286 284 282
Binding energy (eV)

800 700 600 500 400 300 200 100
Binding energy (eV)

d Raw MKS e Raw % f Raw Fitting

— — Fitting / \ BCKS =5 BCKS
S| —Fitting , s C=0 7 3 C-5-C2p,,
g W R cl C-OH \ - < BCK4
> - > =x " BCK4 >
-~ -~ - —
'E N-6 E 2 g C-S-C 2p,,
£ V- 3 £ \ o
g NS AN BCK g K g BCK3
£ [P 1 - - Y
- N-Q N — C-0-C 3 C-S0,-C

g, 5O el \_ BCK2 BCK2
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Binding energy (eV) Binding energy (eV) Binding energy (¢V)

Bl 2-6 (a) XPS4ifkfafiil, (b) REFEHE, (¢) Cls XPS mo#i%E, (d) Nis
XPS mrHE K, (e) O1s XPS mr#i#E, (O S2p XPS miar i K
Fig. 2-6. (a) XPS survey spectra, (b) Heteroatom contents, (c) C 1s XPS spectra, (d) N1s XPS
spectra, (e) Ols XPS spectra, (f) S2p XPS spectra
M 2-7 ATLAE H, KA BCK2. BCK3. BCK5 i I/ 7 512N
125.4°, 108.3 °F1100.1 °, Tfi7E BCK4 R T {F1H:fil A KT vk /N 2224 90.9 ©, HERA
1 BCK4 HAMRKEAKYE, AR TIKER ZnSOs BIR MY B S,
ML RMR, BT AT . g LA, DURBON TR, Bt —2iE
WE G BURESE 2 FLBk BCK4 MU Rk 15 20 2 FLE5 6 B R 2 A S8 A0,
FIRAR T N O LB I8 1 oK, AR T B e s, AERT
FAL B e

B 2-7 il s AR K £

Fig. 2-7. Water contact angles of as-fabricated materials.
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2.3.2 X ZIHSC B LFEMRE S

LA Zn B+ 2M ZnSO4 V&R BCK4 43 5N Skl FUME A RANIESL, FFH
whatman [ R 1= 7B R I, 2% B4 X ZIHSC(Zn// BCK4), I£4H%¢ Zn/BCK2.
Zn//BCK3. Zn//BCK5 FHLALLE. &l 2-8 (a) A Zn//BCK4 HIfE R MERE0.1-50 A
gh), FTA I ZIHSC Wi B0 A 52 B0 B (R BotR, RIS v A R A AR
SE MR, IEM T BCK4 BA RIFHHEMAZET T E M. £0.1Ag!
R N, ZN/BCK4 FHLH 2253 mAhg! S LA S, HEHEBRRSEY
K 500 1550 A gVE, HEAR N 107.5 mAh ¢! (REEFEN 477 %), BT
Zn//BCK2(HHE N 0.1 A g i), HWAREN 1289 mAh g!, HHEENS0A g
Uiy, &N 53.3 mAh g!, RFEFRCN 41.3%), Zn//BCK3 (HHEE N 0.1 A
g B, WWAREAN 151.4mAhg!, HLEE N S0Ag B, HWAREAN 71.4mAhg !,
TRFEZN 47.2 %) UL S Zn//BCKS(FLREEEN 0.1 Ag I, WA EN 198.1 mAhg
L RN SOAg N, WA E N 84.0mAhg!, REFFEN452%). £ 50Ag
VRIS, X HEREE 02 A g M1 A g, HAEESNA 156.0 mAh g Al
186.6 mAh g, SR EA L MIREE T 101.1 %F1 95.2 %. a1l 2-8 (b) i
7~ Zn//BCK4 [¥] GCD £k 35 2L H X FREE, RS T H BAT H e sl 5] i
PE . Zn//BCK2. Zn//BCK3. Zn//BCK4 Al Zn//BCKS FHL K[54 199.5, 176.7,
96.6 F1170.5mV (& 3-8 c-d), X3 T BCK4 KA A MR, f78demi
BHRISE K, Bk EARORT F AR VAR 2 R P R T P BELSE S, R I HE AR e 1) AT e A
BE 1. FIFT AL 2EFEPUE (BIS) X BCK4 [RGB RE AT NEAT VEG I 04 (I
2-8 ), HHEIIX A7 LE /NI B, Sl [ 0 B4 TT DATE B L er 3 A% AR (Re),
BCK2. BCK3. BCK4 #1 BCK5 [ Ret 730414 26.39, 17.37, 8.01, 1629 Q, iX
5E2-8 (a) BHIIL IR —E. I H EIS FIFEMRMX 1 A BEIE R, K&k
FERRARE B AT PR 1 F AT R R RN S - R
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B 2-8. KA E TIRABHHEER (ZIHSC) FIHALEMERE. (a) 7£0.1 E50Ag!

P 2 R S TRl PN 15 2 M B, (b)) Zn//BCKA TEAN[AI R R R HE IR 7S/ (GCD) i

2, () 7E20A g MR E Y GCD 2k, (d) 7E S0A g R FE R GCD Hhk,
(e) MO.1ZES0Ag! HIREE FHIHER, () ZEHFFE (Nyquist plots), (g) fro1
Bl (Ragone plots), (h) PL1Ag! i, AFHEMEERBNRAGES, () BCK M

ZIHSC 7EHT 20,000 KAEIHAHLL 20 A gty SRIGTEREE TR 20,000 RAEIFRAH LA 50 A ¢! G
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IR EMERE SRR, (§) Zn//BCK4 1E IR E 50 A g! AR RE G AT R0
Fig. 2-8. Electrochemical performances of aqueous coin-type ZIHSC devices. (a) Rate
performances at a current density range from 0.1 to 50 A g, (b) GCD curves of Zn/BCK4 at
different current densities, (c) GCD curves at 20 A g, (d) GCD curves at 50 A g-1, (e) Voltage drops
from 0.1 to 50 A g!, (f) Nyquist plots, (g) Ragone plots, (h) Discharge Capability at 1 A g-1 by
charging at different current densities, (i) Cycling stability and Coulombic efficiency of BCKs-based
ZIHSCs at 20 A ¢! in the first 20,000 cycles and then at 50 A g in the next 20,000 cycles, (j)
Cycling stability and Coulombic efficiency of Zn/BCK4 at a high current density of 50 A g-1.

Kl 2-8 (g) Fi7n, Zn/BCK4 R mIRFERMEEEESL, f£01Ag" B
WMEREN, IZEELR 99.7Wke!, HKIIRERE% L2 179.6 Whke!, 7£50Ag
IR T, IREE R 43.8 kW kg'!, HBOKMAERZEE R 75.3Wh kg, Xik
Bk VF 2 CARE A RSB B R (3R 2-2). & 2-8 (h) iz, Zn//BCK4
RIS PR e ERE, £ 1. 5. 10, 20, S0 A g HRZE T, £ 1Ag!

PV TR, W LUYLSE B AN ] F A B T 3 SR U0 L A i e R A & A€ L PR
R, el T AP RML R I L AL e ) g AR EME . Zn//BCK4 1858
LR 75 RO R A e 1, 483 20, 000 7% 20 A g HLIFL 26 FE R 7 R A A 20, 000
W50 A g RS T B EA G, WA SN 1193 mAh g f1112.3 mAh g'!,
EAS R 2T 100 % (18] 2-8 Do 100, 000 7% 50 A g™ B2 FE N 78 i LA 3R )i

LA 5N 101.7mAh g, TREF T HILA AT 99.3 %, FEARRIEFRIZIE 100 % (K] 2-
8.
5E kR RAIAFBAMAZE K R ZIHSC 23EFM LS, A F R ARl B
AW H (3R 2-2), 3T MCHS /K A& #4F (139.8 mAh!, 129.3 Whkg™!),
N-OPCNF (101 mAh', 98.28 Whkg!), SN-PCNTS (120.3 mAh', 959 Wh kg

1), PCNs-2 (149 mAh', 60 Wh kg'!), PCNF-4 (177.7 mAh!', 142 Wh kg'D),
MLCN2 (128.7 mAh!, 102.1 Whkg!), NSPC (136.3 mAh!, 122.6 WhkgD),
N,O-HPC (138.5mAh™, 110 Whkg'), BN-C (152.4 mAh'!, 105.1 Whkg'), OPC

(132.7mAh", 8236 Whkg!), AC (121 mAh', 84 Whkg'), P&B-AC (169.4
mAh', 169.4Whkg'), AC-PHC (146.4mAh™", 117Whkg'), HPC-600 (169.4
mAh!, 75.8 Whkg!).
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Tab. 2-2 Comparison of Electrochemical Properties of Water based ZIHSCs Assembled with

R 2-2 AFEBRIIRALE K F ZIHSC 1R AP RELL R

Different Carbon Cathodes

LI A E R ThEREH
PR R P AR TR VAT VR Ref.
Agh (mAh™) (Wh kg™) (Wkg™
MCHS 2 M ZnSO4 0.5 139.8 129.3 226.4 193]
N-OPCNF 1 M ZnSOq4 0.5 101 98.28 72.27 [96]
SN-PCNTS 2 M ZnSO4 0.5 120.3 95.9 125 7]
PCNs-2 1 M ZnSO4 0.2 149 60 15.976 98]
PCNF-4 1 M ZnSO4 0.5 177.7 142.2 15390 [99]
MLCN2 1 M ZnSO4 0.1 128.7 102.1 16.9 [100]
1M
NSPCx 0.1 136.3 122.6 58.3 (o1
Zn(CF3S03)2
N,O-HPC 2 M ZnSO4 0.5 138.5 110 499 (102]
3IM
BN-C 0.1 152.4 105.1 30500 [103]
Zn(CF3S03)2
OPC ZnSOy4 0.2 132.7 82.36 3760 [104]
AC 2 M ZnSO4 0.1 121 84 69 3]
P&B-AC 2 M ZnSO4 0.5 169.4 169.4 500 [105]
AC-PHC 1 M ZnSO4 0.1 146.4 117 160 [38]
1M
HPC-600 0.5 169.4 75.8 16100 [106]
Zn(CF3S03)2
This
BCK4 2 M ZnSOq4 0.1 225.3 179.6 99.7
work
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2-9 (a) § Zn//BCK4 HIAAHFAEA IR T CV ik, 2K
FT o HR7R T Zo® AEARATLA G FE T IS Ak o R 1) BRI 5/ J5E B ) 00U FEL 2
XFRET Zn AR AT Zn> PIAVRI B A, JFH CV 2RI 7E 700 mV s™!
() e R N R A L ) P e A, T 2 Y L R R 11 A 2 3 g S A
PR PR L /B AR R AR . Oy 7 VRGN At BCK4 4 ZIHSC S 1 B AT A7
AU AT DU i 2 B (D A (v) 2 8] 1 5 x0gEAT 4T 1wt 7 -

i=av® (2-5)

N 2-9 (b) Prax, BCK Bk MK A AL ATIE SR IE b {E 7351 0.879 10.943
YLHH ZN/BCK4 LA A Hod L F ], JF B il B4 il 32 S ml Lhidiid
DA &5 200 LA BoTiR L 54T e B4

i=k, vk, v!2 (2-6)

Horb, kv A kv 0 AR R ISR HI A BE bl 2 . ARAEE 229 (), H
FATNTE 33 mV s NG FATAEAE 1 60%. BEFEFEREZE I 3 mV s H 0]
50mVs!, HAETIHRM 71 %IEIME 91 % (K 2-90), XHIE 73T BCK4 (1]
PRAE H AT A7 i S A S0 ) 1) H A2 AT A O AL 5 30 ) %

&
(o]

~ —3 —5 7 £ 150} ——BCK2 - B —_—
T 200 = pr— 7 200 BCK2 .
< = 100 By
2. 10 E w Z. 100
g 0 s 0 s 0
= 200 g 5 =
£ 100 200 £ 100 =
£ — 2100 = ; £ = BCK
= —00 = ——— ——BCK4 £ BCK4
Q-200 Unit: mV s~ 100 =700 o T M e ——BCKS G-200 ——BCK5
0.0 0.4 0.8 1.2 1.6 2.0 0.0 0.4 0.8 1.2 1.6 2.0 0.0 0.4 0.8 1.2 1.6 2.0
d Potential (V) Potential (V) f Potential (V)
= e ~ iffusi % Diffusion | Capacitive
2o o of B, Eoo
- = PeakR < PR 2AEE 8 299, 25% 23% W% 15% S
Z09 S\ o g | < 80
£ = , 1 =
H 5 ,
206 £ / / g0
-] 2 | / = 59, 88% 91%
E Eab 77 e 2 400, 75w 7% B0% 5%
503 @ =l
c s 3mV s 20
) 2 S
20.0 Qo c .,
= 03 0.6 0.9 1.2 1.5 1.8 0.0 04 0.8 1.2 1.6 2.0 3 5 7 10 20 30 50
Log (Scan rate, mV s™) Potential (V) Scan rate (mV s™)

B 2-9 (a) Zn/BCK4 () CV Hizk, (b) 7£ 500 A g'#93E FHY CV HiZk, (¢) £ 700A g!
HETR CV HIZL, (D logi 5 logv FERE, (e) £ 3 mV s HE 4 B 25 51
Bk, () M3 250 A gt ARIHE T A — A E Tk
Fig. 2-9. (a) CV curves of Zn//BCK4, (b) CV curves at 500 mV s, (¢) CV curves at 700 mV s,
(d) The fitting plot of log i vs log v, () Diffusion and capacitive contribution at a scan rate of 3

mV s, (f) Normalized capacity contributions at different scan rates from 3 to 50 mV s!
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2.3.3 HEZS ZIHSC BLFEMEES T

BT Zn/BCK4 A0 R M B R, b — DA 5T AR W] 5 JAif e i
& ENH, $2E 2-11 () HEE T HERES Zn/BCK4 2840 F00 A 22t Re kAT T
S B 2-11 (b) ZHAERFEA Zn/BCK4 FEARFHEEZF T HE 2-11 (o) 7]
LA HHEFE 2 Zn//BCK4 (1) CV - ZRAFAE 51 0A AR, (TR A T
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Fig. 2-10 Electrochemical kinetics study of BCK4-based quasi-solid ZIHSC device.(a) CV curves
at a scan rate range from 3 to 50 mV s (b) Fitting plots of log i vs. log v from Peak O and Peak R
of CV curves at a scan rate range from 3 to 50 mV s’,(c) Diffusion and capacitive contributions at

a scan rate of 3 mV s and (d) Capacitive and diffusion contributions at different scan rates
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[ S ZIHSC WA IR B S, (b) f53MERE, (o) ANE S BN I 1E IR 78 H
(GCD) Hhzk, () Fmil, (e) M0 F| 180°A A Hh fAE NI CV Bhizk, (f) fES5Ag!
R, A 0°F) 180°H 25 M 5 A R IRFFE, (g) HIBHL 200 /NG5 17 H it th

4, (h) £ 5 A g B N G e E MEA G RUR

Fig. 2-11 Electrochemical performances of BCK4-constructed quasi-solid ZIHSC device. (a)
Schematic configuration of the quasi-solid ZIHSC device, (b) Rate performance, (c) GCD curves at
different current densities, (d) Ragone plot, (¢) CV curves with different bending angles from 0 to
180°, (f) Capacity retention after repeated bending from 0. to 180° at 5 A g, (g) Leakage current
curve after self-discharging for 200 h, (h) Cycling stability and Coulombic efficiency at 5 A g\

FESERR M FH R, @ E IR 7R IETE 5 A gt A RIS TS 0°
2 h 3] 180° 1T B ENE, SR K 2-11 (. &3t 100 KESZS I, BEME:
FARIAAH 88.5%. IXLLL: I IATE [ Zn/BCK4 HA R I4F (1) fAb A8 i 1
MBI, "] LR SZANFFE AR . K HERE 25 Zn//BCK4 TRHLZE 1.8 V G,
W H AT, HIE 2-11 (@) ATRAKREL, HURAERT 5 NMSPE TR, BEE
HL T T B T R B R Rk, e T AR0E , 200 N S, U IRFFAE 1.23 V, RILH 68.3 %
[ L ORHF 2 AN 2.85 mV h! () H IR S . R B, Wkl 2-11 (b)) PR,
FE 10 A g IR L T4 2, 000 IXATLHEIEM G, BEARFFFEA 85.9 %H.
PEARRCRELIR 100%, I 1 BRI EA e, IEMET BCK4 Mk b T
FLAR TS I 4 MRS T LA R MR S B3 192

2.3.4 38 ZIHSC BLE RS

i 2-12 (a) Fizn, A Zn/BCK4 #54EH CV it el 5 0 2038 AR AL
M 2-12 (b) fERMEREAI 2-12 (¢) GCD LA AR BLEE ZIHSC fA6if %
AR FAAAE— R E LI N . (H2 3 Zn/BCK4 /£ 78 RIS FE H AT AT LLAR
R AR R, £ 0.1 A g HEE FEHAE T ILAEZEF] 139.4 mAh g,
B R S 2 K 50 (52 5A g, WAENHEA 69.0mAhg!, HERIFRILT]
49.5 %o RIEHHEIRHEEL —KERE] 1A g M 02 A g Itf, WEREDHAN 957
mAh g f1 117.5 mAh g, S5#J4H1H 94.3 mAh ¢! 1 127.8 mAh g +34%ik. 0
K 2-12 (d) iR, B Zn/BCK4 S#1H7E 0.1 A g FUIREE T, REEZEAE
110.1 Whkg! JF-BA 98.7 Wkg'! MM, ML S SAg i, RRER
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FERIR A 45.0 Whkg! [FIB DHAR BRI 4.1 kW kg!'e TESEPRRIFHAH, =AM
£l Zn//BCK4 BT DLSZELFHLARH, WK 2-12 () Fimn.

a b
> — <
oo 400 ——5 'TN) —@— Charge
< 7 = 150 e @~ Discharge
= 200 10 <
i= m
g v ~J ‘E’ 100
5§ 0 o = QUIID
< -
h— = 30 1}
=-200
4 oS0 g 50 Unit: A g
= —_—0 <
& -400 T | | © 0.1 02 05 1 2 3 4 5 1 0.2
0
0.0 04 08 1.2 1.6 2.0 0 10 20 30 40 50 60 70 80 90 100
Potential (V) d Cycle number
c 2.0 o
7, _?‘z;
1.6 / 0.1 = 110.1 Wh kg™
2 // 0.2 3
NG ul| Eml
che NG C| g TR,
= X Unit: A g 2 2
go0s \“\x 3 2 4.1 kW kg
- N 4 >
0.4 \\\\ : g_f
N g
0.0 =10
0 30 60 90 120 150 100 1000

Capacity (mAh g™)
2-12 T BCK4 FAM R /K MR EEE ZIHSC 28 FI A 22 RE: () HEREREN 3
£ 100 mV s [ H CV #Zk, (b) LR 0.1 2 5 A g I HEEMERE, (¢) AFE%
£ N GCD B2k, (d) Ragone K, (e) =AU Zn/BCK4 F BRI ATFHL S H

Power density (W kg™)

Fig. 2-12 Electrochemical performances of aqueous soft-pack ZIHSC device based on BCK4
cathode: (a) CV curves at a scan rate range from 3 to 100 mV s-1, (b) Rate performances at a
current density range from 0.1 to 5 A g-1, (¢) GCD curves at different densities, (d) Ragone plot,

(e) Photograph of a phone powered by three device.

2.4 KEIG

AR 25 DUV E BRI SR A4, it — 25 KOH il fhik iz N/O H 544K 3D 4
FIR 7> B2 ALk BCK4, SCILT /LI Rk A s bl 45 & S50, Ik
TR LA 73 ) 735 2049.1 m? g F1 1.03 em® g, [N B0 AR S Rk . 1
St FLIREE R AN BE AT AR RS AR Bk A, IR 2E3) %, RN SR LT
ZTEEAL S, KA AR . AN ZIHSC ##F)5, 7£0.1 A g' H
MEE T, ZN/BCK4 RILH 2253 mAh g FIEE LA E, EHRBZEEYT K 500
fhE, HIWHEENREF 107.5 mAh gt AMUntl, HIpZEZH R LIAH] 99.7 W
kg, HKMIBEEZENN 179.6 Wh kg!, FFHLE 100, 000 X 50 A g B
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FERIFE RGN G, AEFRFERIE 99.3 %. #EEL Zn/BCK4 FIFER I H L F5
AL EPERE, 7E 0.1 A g HUREE N ILA R AA 1373 mAhg!, fERCHET
PR R R I AR R, TR BT SE 99.5 W kgl s KIMAEE B E 2 115.1
Whkg!, [FIRRIVHRTS PN . 6 Zn/BCK4 FH7E 0.1 Ag! HLE
JETF A E TN A RIEE 139.4 mAh g!, BIEHREEY K 50 5, WAEEDNR
A 69.0mAhg . XELE RAEH TR 2 FLokH T 7K R ZIHSC BB AR AT
AT, TRV Sy SR B R PR v e B B R SR A T — 58 AR SR
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B3R FFRARERESRSIBRATKASETFRABR
A A

315|8

It 5 4 BRI Vi RE R AT AT P AR BR U 75 SRR R I, LA B A Ge Al A e R 138
VA S AV PR 5 0 e e R H 27, AT v 1 R TR AR I RR IR A 23 R 75 SR 1
AN EE A0TSR I B R R R (E T e B RIS BB AR A
224, EHhER 1 TR IR AR S R LA ARG A (R A AT, BELAS T R R
B MRz g I R TOS-NOT G £ e 25 % DRI L o Ty 2 2 PR AR s L R
KT A Rl i 22 A M B2 B2 OV, (HUR G Al 5 2 P8 X DA A2 P77 g R 8 1
Sl KRB IR A MR AR (ZIHSCs) SEIN v e 35 1 M Th 2 85 1 (1 52 3%
Ghfy, TOEEURAN T IR B AR A I 22 BES N7 B SR 51 R B 1
NS A E (823mAhg!) . RIUFHFHMEAKAEMEFE B (-0.76 V vs.brifE
D FERMEE REEA e SR A0 U8 & JR e N AN P B
91211 (4 Zn?* . Mg?* . Ca? " fl AR 55— pH &7 012212004 Lit, NaAl
KOV A % FL 2 25 0 GOSN RIAE LU, T8 G A FH A 255 5 TR 6 R 520 MR LY 711,
TRAE T 2240270, AN BH B T RE 3810 1) OB R, 8 FLAT (R ROd A A AN 8%
T 5 B BH B 1 1 SR A LA LU SR IR 3, I ARt i A Re o g o, (3%
R R I Th R M AL B ), ZIHSCs [FIN BA MR 24t Wl
AR BB 2% AN 5 30 7 B & f T AT iz 321280,

A B e DL 2 A6 B AT B4R S 7 B 7 vk A LA e B R TR NYO 3k
BRI G B2 SRR B BUKIEIK PTBOA L5, V&AL 8] KOH %1 i & 42 %
i FLIE SR, R NHs “URIR I AL . 544 RFCN20 #EH st
AR N/O LB, SCBl T G A A B 5 B MR R T,
P TR BBA AR Ak Ry e it e B ity BE A MR AL 1B (0 e JEL B
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32 KWHS
3.2.1 EEFERANA
R 3-1 WRAUEE—
Tab.3-1 List of Equipment and Instruments
BAE R | EU N 4
2K Sy Hral 1] 245 5 AL AR AT BR A 7]
et GrHrat 1] 245 8 A0 2504 R A
HhER Gy #ral 1] 245 R AL AR AT BR A 7]
LK G IR IRE GrHrat 1] 245 8 A1 2504 R A
LI Sy Hral KIE )2 P BRA ]
PTFE #LK 60wWt% KIE N ZVFH PR A
i 24k 1] 245 R AL AR AT BR A 7]
B -
3.2.2 TEYUFMREF
& 32 2l 57
Tab.3-2 Chemicals and reagents
B R F5) AP K
RN PN HZK-FA110 FEEE) BT R IRA A
CTi e HXL-1200 bR A SR A AT IR A
B 608-12 BT IR R AR AT PR A
K DF-1018 TR AT PR 22 7]
A RIS K SHB-III KIPHABAX S BR 2 ]
SRR XMTA-600 R RS ACRA R 7]
HIAL 2 AR CHI-660E FifpREAEA IR A7
15 B R 4 CT3002A LT W P L IR A R A ]
R MSK-HRP-MR100A H LR REEAR A IR 27
JEAFEDL ZHY-401B EE AR A DR R A IR TR 7]
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3.2.3 ZALBRM BRI HIE

WP BN S, $4I8 10 g A7 348, 100 ml 15% %K, LLK 2 g KOH T4
IR GG, BETHRIK 60°C, #E5% 12 h ARG . AEHIILT 105°C+
B 12 h, FETER P, £ N GFRT R BVRRRS T LVRFLRS T L 2°C
min™ FHE RN E THE R A E THEEF IR E 700°C, 35462 h, HEW
HEER. WHEREESREERH 2 M HCL A1 87Kk a2 b, maE T
0 105°C TR HET 12h, BISRAS T P93 EATAERR (RFCN20). N 7 J7{BLHLER, #7
FALEAEH N KOH 5 R 15%%0K, 5 8eab B BRAR RV s B2, 23 il
47 RFC20 1 RFCN.

3.2.4 B FHIE

WA B P BT A Z AR S RIUR O OB 8:1:1 R RES,
BRI EEEE TR, SIS EBEIORE, ETHRMRET 50°CTHRE
I G ER, T 80°CTR 12 h JEA MBI UAE (BN 12 mm). FEJE (1
emX3cem) FTE (2.5emX2.5cm) MR GEEDIR M AEELN 1.0 mgem
D), B ETHERAA B, BISER T BRI .

3.2.5 ZIHSCs 403

(1) 13 ZIHSC Hke: HHESKHEM Zn & (JFRE 80 um, HAE 16 mm)
NBARK, A5 P B0 AR ARFT B DARR 25 3R R S A I, DA 46 1) B 58 22 FLAR A
Fr AR, i 2 mol L ZnSO4 KIEWUN HELAR BT, Whatman BIELT4ENE ARy R
fiE, fJaRA CR2032 BURNEEANAINSE, LA, AERE . PR
BRIE. BEAR T ANEENE . . PSS AT H I 4

(2) #E[EZS ZIHSC d%:: VATEE RN Zn SENFEM, WIIR@ZnSO4, NEERR
LT, ) 2% PR R T IR 22 LB FEL P o BN 42 B = WYV S5 ) 2 206 3 Y SR It I
J i 2 DA v A P Ao o, BRI R BT R A AR D 1.5 g IR
6 mL ZnSO4 /KiF (1 mol L' 1REJG, T/KH# 65°CHiHE 1.5 h, RFIHE
WIIR SO E I B R R 8L 4h, FEGTESERITZR.

(3) #f ZIHSC Hke: VIANWbARATBEFR LR EEAMMEE) Zn §5 (3 cm X3
cm) AFHI, DL Whatman BEFS A 4EIRACABRAL, LA 75 T P 2B ALAT A 2 1L
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B (2.5emX2.5em) N, KMERAE -, ZEMWZ PP IR, (M
BB e st 2, & PET/PE & MRS B s e, A
1k 2 mol L™ ZnSOu 7K ¥V HELAR S5t 7 7311 4 M ) 2

3.2.6 RIF{UB/ R 5%

MAHAH LA A K TM 3000 B4 7 2505 (SEMD 122 [H FEI A A
Tecnai-G2-F30 A& ST F R (TEMD X 2 FLAR RO SR 45 M0 it 17 22 .
KHIZEEZ 70 ASAP 2460 B LUK [HIA K AL 7 A A € 22 LBRAE-196°C kA
TN BB AR 2R, 4y iR BET %A1 BJ At SR LRI, FLA &AL
A K DR AR Xpert PROMPD A X BHEATHHY (XRD) Al EF
JE AT inVia B4 8L (Raman) 43T 2 FLER I S S5 05 B . RARE
BN KRR A F ) ESCALAB250Xi Y X B G BT AETEAX (XPS) /3%
LB TR AL . KA SL 250 Y43 A 00 B ASC X 22 SLAR A0V 1t . SR A g
J&4 CHI-660E Y Hi Al TAFuh AT 1E iR m iR i 2 (GCD) . JEIAMR 22 it 42

(CV) MAZHBAPTIE (EIS) WAL ZAMat. i siPiE s CT2001A 7Y sy i
RYHEAT ZHSCs KRR MG RE i

3.2.7 B FRABRESFHBELF MR

AR FH B B 2 1 B A A AR IR 2k (CVD, ZFEPT (EIS),
TEHA RN (GCD), HHEIMKRS.

(1) fERZ . A R, AL AR A e S LA, A5 0 . FE
TbEEAL AR S th e o X th AT M, ReE AR BRI E. BT
Wg R, R AR RS R

(2) AZybHPLHE: WA mPHPTIE B 2R, Be8 1 2A R BHUAH
KEE. VHRBEZ AR . AR PTNAAE T E 2 0.1-100
kHz.

(3) fER ARG I AEAS B A R N 3T i, AR YE GCD
2k, Wit — F AKX AR AR (mAh gD, BEERE (Whkgh
FINFREREE (KW kg™):

C=IAU3.6 (3-1)
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E=VAt/3.6m (3-2)

P=3600E/At (3-3)
Horb, TAFREHET (A, AtZ2THEEE (s), m 2 TAEHEMRHEEYR
it (g), VAHEERND (V), ELRREE (Whkg!), PEIFREE (Wkg

D)
LA RERRFRRIBART n IRFBCBIEIR G LA & 5P LA B HE, H
o R AR, CoRHFAN n KUHEEN G EE (mAh™D, G
VIR AR (mAh gD, THEARXWF:
n=C,/Cox100 (3-4)

3.3 &R5WE

3.3.1 #RISRIE

B 3-1 7 2B A MBI 73 2 22 FLI B AR 1

Fig.3-1 Flowchart of constructing hierarchical porous carbon using reed flower as a carbon source
PP 2B AENBIR & RFCN20 (R EIWE 3-1 fos, EAREPAERS
KOH/Z /KL [FIRBTAL 2], JT 5 7E — & IR NS BIRF& TIOH N 7 4 2 FLIK .
(1) RS 3 5 B i
R AT TR (SEMD X P 25 46T AE A BHE O TE S BEAT R G R AL
(F 3-2), KIMA KOH/Z/KIEWFHIK RFC SR EGIE M GEIR, 57 F1%
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JEAPEL SEM BN R AT AR I (B 3-3), Bk FE h e R H R R GEH. &
FOKIEAL TG, BbkEE RECN R H B> BAL85H (8 3-2d-D , Z2HTZK
BIEB AT IR N, BEIA T IR A B R Ty, SEM RIS MK, X
K e Bed 2 R ALBR B e it 1 s Te] . B 3-2 (g-i) 2 H—fIA KOH i&{k
F RFC20 A itr, W LALEE R cbh kL R T L 12 3D FLIE S5 M), X P& n]
DL 21K B R b TR, 2% S B R 3 T MR FLBR 2, Ay
R TR R Y HOEIE, R BN T R S 5 e 7 6k T AL AT
P A R AR PR TS A A KOH SRR (0 B Ak 22 S N, o B R A S -

6KOH + 2 C — 2K + 3H; + 2K»COs (3-5)
2K,CO3+2 C— 2K +3CO (3-6)
K>CO3— Ko O+CO2 (3-7)

RFC20, (j-1) RFCN20

Fig. 3-2 SEM image of porous carbon using reed flower as carbon precursor: (a-c) RFC, (d-f)

RFCN, (g-i) RFC20,(j-1) RFCN20
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A RIS N KOH MUK, & mim s L e, 20K 70 il 4 i NH;
ARZEA, IR R IR H AR BT B R LR U FLARSL), A
ZUK ATV IR AT IRAA, SR RIEACTIEERCR, AIHE 58 KOH ZIThACR (B 3-2 j-
Do

3-3 (a-b) DU AL KL SEM KR

Fig. 3-3 (a-b) SEM image of reed flower raw material

XA T RAMEE (SEMD TERLFLES M RAE T I 7 Fe R ), A 50t —
R I ST T BB (TEMD X RFECN20 # R TS g0 45 # it . dnl&l 3-4 fp
N VAR I AR 4 T E TR BT S50 A SR R AR I S A5 .l T
SURAERIL, KOH/ZIKIEA A RAERH 28 b DU T RE R — 7T
I R - AL A AR = 4 2 FLIN SR 450, 59— 5 TRHE I I 7% KOH/ZUK K
JE SRR J P PR A S it ) PR Wi A 1) o XA IS T -t 25 S5 A AE
HAL VR REACAG TP R B B [FAE S A SR A DX 380 AR T i B AR T b,
TCTE T 5 B =F 5 AL G5 AL W Dy B A7 A B Bt 1 RS AL Ao S5 R RAE S5 1k
REMNA R R BT R0, 2R R AL P B 3F 48 ZIHSIC LA B S5t % T,
NI R e R RERRFE A RE A RHR B BTG5 BT JE R

Bl 3-4 P25 7E0T4E £ FLk RFCN20 FJ TEM 5]
Fig. 3-4 TEM images of RFCN20 derived from reed flower

(2) LR mARANFLAARRR 7
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AT Ny 5 I PR - Bt B D0t 2 35 64T A 2 FLER M BH FLBR 25 A EAT 3RAE
Nk 3-3 o, RECHERE & RFC FLBR AT R PEAR R WM& 132 IR, 114 KOH/
KM ALEE ) RFCN20 1R} E 2R AR AL Bl T+ 2 1541.3 m? ! 7110.82
em® g, TESE KOH/ZUKIE AL BN FLIRR B B A & (R EA, X5 SEM M5
LAV, B 3-5 (a) SR RFCN20 [ B - Bt B S5 im 2k 2B AL 1TV H 43
RHE: FEMREIX (P/Po < 0.05) HILBEINIR B, RFMALEWIIE S A%
X (0.4 <P/Po<0.9) ISR FIFMESLN LA MIFAE: SHEX (P/Po>0.9)
FTF- 22 B R 2 000 sz e K FLEE RO DR o 1% %2 RALHFAETE I 3-5 (b) FLAR A7 i
2} SEM. TEM (&5t 2]it—LRiE . XM ZIRILERIR R 5k st
AR B R RN, AT 30 38 4 0 B T B A% . 4R T s A S, [Minb@E £ &
(g2 Tt 1 S et 398 5 FEL AT A2 i R D o

R 33 FERNTEZ RIS S H

Tab.3-3 Pore structure parameters of reed flower-derived porous carbon

Materials Seer (m? g Suicro (m? g1) Votle (cm® g1) Vicro (cm? g1)
RFC
RFCN 3.0 23.9 0.004 0.009
RFC20 1,370.7 738.8 0.48 0.14
RFCN20 1,541.3 1,159.3 0.82 0.34
: —~
= 30 X4
e £ —@—RFCN20
st Q z -9-RFC20 ¢
) RFCN20 A g3 RFCN q
< 5 S RFC20 > 2l
e @
9
< 10} s
s -
Z ~
z 3
.‘? 0Of 3 18
- =
T T z e
& 00 02 04 06 08 1.0 T 05 1 2 4 8 16 32 64

Relative Pressure (P/P;) Pore Width (nm)

B 3-5 73BT 2 FLORIV Ny W B-Jid b &R 2k (o) MIFLAR AT I 2R (b))
Fig. 3-5 N, absorption/desorption isotherms (a) and pore size distribution curves (b) of reed

flower derived porous carbons.
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(3) X AT SH 25

I X GHRATH (XRD) R 2 S il H AR P 2B AT 2 LB i) S s 4544
BT RGT T . Kl 3-6 (a) XRD & K 7] LG EHIAE~25° H1~43° SR A
REAEATST G, 23 VA @ T R 288 (002) AT (100D &1, A% T RFC HH
RFCN Fff, 4 KOH Z|idAbFE () RFC20 il RFCN20 {375 H 5 35 B A7 5 0
SREE, R E L O R O T RRARLR R AR A . B 3-6 (b)) Z5H T
FEATA 2 FLAR B Raman Y6 3E R, 7E~1350 cm™ A1~1580 cm™ HEL T B & D &0
G V&, RN R sp® A IITE PR sp? 240 SRAERR 2B, D I G i&sR
FE L (In/le) & T PR AR 0 A S8 AR FE, st v 57 In/le 38R HE B, RFC,
RFCN. RFC20 1 RFCN20 (LMK A 117 113 1.07 #11.03, 58 RFC20
F1 RFCN20 HA & 1A SR . X2 KOH b5 s S L E Y sp?
B R AR SBT3 R e e 2 PR AR X Rl i B v 1 A SRR, 245 S
TEM 73 #4555 .

-~
c-l

——RFCN20 ~—— RFCN20
——RFC20 —— RFC20
- RFCN ~< RFCN
= RFC = ——RFC
L )
£ A Z
w w
= =
& ]
- -
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Fig. 3-6 (a) XRD patterns and (b) Raman spectra of reed flower derived porous carbons.
(4) X B8O ReiE 73 A 5 2 T 3 By
Wi X W8OGR (XPS) XA FEANTAEZ fLk RFCN20 IR T ER
S FIREIATRAE . Wk 3-7 (a) Fior, XPS &SN C. N O =Fk
TLERMFHEE S, UESLT RFCN20 & N. O AR, HEESHN 1.58
at% Ml 19.37 at%. K 3-7 (b) @ #E Cls WER[HLAA sp’C (~284.7 eV). sp’C
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(~285.4eV). C-N/C=0 (~286.9eV) Fl m-n* (~290.1eV) P4/ M, HEl 3-7 ()
AR, o NLs UGS UM EE R, 4308 T N-6 (IEREE, ~397.9
eV). N-5 (HEPE%, ~400.1eV). N-Q CHEE, ~401.0eV) Fl N-X (FEALW,
~403.2eV), HH N-6 ML A REFFIES N-5 [R5k 2544 7] DTk EE Fe 75 32 Tt g
FAAERE DT, T N-Q 1) sp? R AL 28 A )T H14% 5, ANITARAL Bk 27 3 7 0%
BB K] 3.7 (d) w0 #F Ols AR WIAFLE C=0 (~531.9eV). C-OH (~533.5
eV) Ml C=0-0 (~536.7eV) =& H R, X8 m f SAME 2% J5 1\ 3 19 o
TR R TR, (8 RECN20 I AR S R TR I, BISRK . A 3-8
ATLAE H, K ERH AL REC. RFCN. RFCN20 Rl A 298 142.1°,
144.9°H1 125.2°, T1fifE RFCN20 [ M)Al A % & /N £ 2 110.1°, EH T
RFCN20 )3 THI R R S 35 050, X MR ME A R T 7K 3R ZnSO4 HELRALE FLIR A 1)
BB S, BEINE ORISR, BEIR T HA AR A LS 5, R AR
MELE SRR, DLM BN TR, 85t KOH/ZUKIiG ik & s S5 1ERT 4 2 FLIK
RFCN20 MY BAT RIEI 53 2 2 FLAE R ROR B WA S0y, JlIE N O XU &
TBIARANE, FEAACADRE G VB [F) I 8 5 1 SRR, W R T T R e A A
RE I MEE A, AL B AL A PR REBEE 1 2T
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Fig. 3-7 (a) XPS survey spectrum, (b) high-resolution Cls spectrum, (c¢) high-resolution Ols

spectrum and (d) high-resolution N1s spectrum of RFCN20.

Bl 3-8 il & AR A Kl A

Fig. 3-8. Water contact angles of as-fabricated materials.

3.3.2 AR ZIHSC B FEMHRE S

JEILX) RFCN20 ARG8T, HEAR B RE LR &R AR 4 2 % FLI
% [ EREER . N/O LB 52 U R T R R, KT RFCN20 I BA AT Zn
SEBHAR S5 4E A HL AR 5T 1 2M ZnSO4 /K Wk 24150 ZIHSC (Zn//RFCN20). N

TR, BRI T Zn/RFC20 A1 Zn//RFCN 2844,
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MR 22, (b) CV #hiZE, (c) Zn/RFCN20 2LELEAFFIHE R T (1 A9 B 5T
Bk, (d) 1E0.1 & 50 A g UL BEVE I N %68, (e) Zn/BCK4 fEANF R EE T
FEIR R (GCD) %k, (D) 7E 1A g! HURE T GCD M4k, (g) 7£ 10A g! HR
WM GCD 2%, (h) M 0.1 % 20 A g! RS FRIHRIERE, () SENEE
(Nyquist plots), (j) Fi5T& (Ragone plots), (i) Zn/RFCN20 7E & LI 50 A g! T
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Fig. 3-8 Electrochemical performances of aqueous coin-type ZIHSC devices. (a) CV curves at 10
mV s!, (b) CV curves and (c) capacitive and diffusion contributions of the Zn//NGCA device at
different scan rates, (d) rate capacities tested at a current density range from 0.1 to 20 A g, (¢)
GCD curves of the RFCN20-based ZIHSC device at different current densities, (f) GCD curves at
1A g, (g) GCD curves at 10 A g1, (h) voltage drops from 0.1 to 20 A g1, (i) Nyquist plots, (j)
Ragone plots, (k) cycling stability and coulombic efficiency of Zn/RFCN20 at a high current
density of 20 A g'!

3-9 (a) B/n T1E 10 mV s HEEEE TR CV ik, HPhHEAHEN
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AU R . 7E = Ff ZIHSC 2EE H, Zn/RFCN20 SRt K E P AR,
KEWE R RS B, X T B S U R T AR AN LA AR 1) 43 G 45 44
A s SRR TSI M Y FIAE R . 1 3-9 (b) B Zn//RFCN20 #AF7EA R
FER TR CV ik, BIMELE 10 2 300 mV s fUFE R N R8T, &
AR B PR LA 2 S B TR S R sy LR L/ S T R T A, bR T L S BRI LY
FAL/RILI G R 2 ALE ), IR IR T B8 AR TS BRI, T T+ 1 AR5
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T X Zo//RFCN20 I LA AAAE LA ZEAT 208, Jlid CV WfE IR B (D

AR (v) 2 (8] 15 AT A TR 7L
i=av® (3-5)
i=k, v+k,v!?2 (3-6)

SH 2 U4 A1 B B 066 £ bo AT b (B HBAE 0.5 ) 1 SR, X B T Bz sl A
A HI S &, IF HEGE 1 b AR 7RI b8 B At AR v B 4%
HES.

R (3-6) MH P T EALY Brotmt/ ATk, b kv B kov!2 43 IR
LA A B . 1 3-9 (o) Fn, HHEMEEN 3 mV s HNE 50 mv s
VI, EEEEHIN 63 % T ] 88 %, Zn/RFCN20 (1) L2 STk & Wi+ iy, 3k —
AAE T HL A A7 R R AR AT O RIAE AR R R PO r Ak 2 8l 7
3-9 (d) %7 Zn//RFCN20 #447E 0.1 & 50 A g B N AR IR & R
s rEfe, Bra MK EG R IR RN B 6 AL, X T Frf ZIHSC #34F, 3
MERFE AR BOB R BN & E SRR, FIN4EE 3-9 (e) Zn/RFCN20 f£
ANF LR N B R FRPER GCD B4k, 36 13T RFCN20 HIBA i) E
HALSF A AL R g R AT M . Zn//RFCN20 7E 0.1 A g R E NIt & &
N 1184 mAh gt BIETE 200 5 IR 20 A ¢! FARFESI3 mAh g! (F
ERFFERN 43.3 %), 1M Zn//RFC20 7 0.1 A g R E R LA RN 107.6 mAh
gl, HE20Ag I MEFF 451 mAhg! (BEEHFEN41.9%), 5 CV 4
BT —3. MOTAg EI50A g 1 43.3 % A AR FUGIE M T PLis s
WS I FRRBR 52 R . IR BE AN 20 A g IRIKIKE E 1 A g 102
Ag'i}, Zn/RFCN20 LbE&E 558 78.3 mAh g f1 944 mAhg!, S5¥IEAEEM
FCor AAREF T 93.1 %A1 92.8 %, FuJ3EIHIE | RFCN20 FEARAARHE B AL 27 e B Hp
WA A m B EE LT . WE 39 (fh) Fis, BEREERZ
Zn//RFCN20 H1 Zn//RFC20 7£ 10 A g RN, HIEES 54 194.9 mv
2152 mV, Zn/RFCN20 HiIH5 EAFHI A4 A2 8 ), X158 T HoA B s
SRR IE . R HALZEBEBT (BIS) X Zn/RFCN20 1 Zn/RFC20 [f) Hifif
BAT AT T (B 3-91), Nyquist 12k B s X 2 R AR X REZR2H e, o
o 5] SICEE Sl 7 0] 0 A RERN AR 23 ) s LRV S BB RELT (R FHHBARAA B
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FEL APV i SR T () LT A A2 BB (Ret),  Zn//RFC20 A1 Zn//RFCN20 FHAH 535
N 2.09Q F11.41Q LK 14.38Q F120.89Q, iHH RFCN20 HA i 75
VEFI AT R RE T o AL, AIRAIIX I U R 22 3% B ARV 25 T 7E RFCN20 HEAR
MO FEPR . AN _E i 4h FE T AT HE7E LA 2 S o v B AT % 8 - 72 RFCN20
R I Re s Uk Se k. /328 T ZIHSCs 398 10 TAE R 3 1. it L
2GR, Zn/RFCN20 75 0.1 A g R LR, REE#%E1AH] 94.3 Whkg
PIHEAT 99.5 W ke (TR EH, MEREEMIEE 20 A g I, REEEEKRAR
HA 32 Wh kg [AII THRZFE AT 15.6 kW kg (Wil 3-9 j fi), XEHHEM
T % O F1 ZIHSCs FALEMERE . TR IAIE PR R e MR BT F AR R A AT
BCER AR, DRIBEAE 10 A g (S RIS S R X Zn//RFCN20 34T 1 RFE2E R
FABCEN (K 3-9k), 23 10,000 KR FEAE S, Zn//RFCN20 2 & R FFER
T 94.8 % H PEAS RURIEIT 100 %, RILHAL T IE a1 .

3.3.3 EREAS ZIHSC BB ¥ aEO

F T3 Zn/RFCN20 5 4H00 5 0 ra Ak 2 Ve RE, JE— DA St AR (R 15 R T
FIME RV ERIN, % 3-11 () W8 T HEREIZS Zn/RFCN20 4545 . Wil 3-
11 (b) 7R, #EREZ Zn/DSMCAK K] CV BHZREHIE SR8 AL, (HEEAR
FAETT WA, 1 B r AR 14 458 FH R e e s L AR A 2 S S BB
(FL BRI P e B LA 3 VIR 22 1 A A%, BRI A CV i 2 it K% T AR sk
/No HERE A Zn//RFCN20 281F 5315 Zn//RFCN20 #84EALE,  ZEA] R i3 s %
THAETHVN (B 3-100). ME 3-11 (d) FRMEFEME 3-11 (e) GCD MLk AT
PAURILUEZS ZIHSC fAff s sk FAATE— e f2 LI RE. Rk,
A Zn//RFCN20 7E AR R P o] URFFE s AR RO, 72 0.1 A g7 LIRS
JET A ENEA 963 mAhg!, RIMERIRHEY K50 52 5Ag", HAEMA
A 429mAhg!, FEARFRIEE 44.5%. ARG LBEMEE —IRERF 1Ag! A
02A g i, LWHEESHN 55.6 mAh g il 75.0 mAh ¢!, S5HIUH1E 52.4 mAh ¢!
A1 74.8 mAh g 738550, UFSE T RFCN20 B H 0 i B Ak 2 R s PR AT w3 1k
WK 3-11 () Fiw, #EFEZ Zn/RFCN20 #54F7F 98.4 Whkg! TR N4t T
758 W kgl R, 1F 14.7 kWh kg e KIREZ AT 172 W kg fE =
WRE . RVIMENE NP 5 B & A I BB bR, IR FIEH R Z7E 10mV s
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B 3-11 RECN20 #RHER &5 ZIHSC #s AL EPERE . () HE[ZS ZIHSC SR fF45 7R
BE, (b)) AFAEFEEE TR CV L, (¢) 3-50 mV s 0 Fl 4 (1) S STk 5 9
BLoTik i, (d) 0.1-20 A g BLURUES FE VI N AR 2R MR REIINR, (o) ANIRI R URLES T2 R 1
GCD HhZk, (f) AEE-ThHRZEE Ragone [, (g) 10 mV s FHF N AR #AER CV
M4, (h) 5AgTHRHET 0° -180° REDTHEHAFEMRIFR, (1D 200 M HBUEE

RIS FEL AT G
Fig. 3-11 Electrochemical performances of the RFCN20-constructed quasi-solid ZIHSC device.
(a) Schematic configuration of the quasi-solid ZIHSC device, (b) CV curves at different scan
rates, (c) capacitive and diffusion contributions at a scan rate range from 3 to 50 mV s™',(d) rate
capacity tested at a current density range from 0.1 to 20 A g!, (¢) GCD curves at different current
densities, (f) Ragone plot, (g) CV curves with different bending angles at 10 mV s, (h) capacity
retention after repeated bending from 0° to 180° at 5 A g’!, (i) leakage current curve after self-

discharging for 200 h.
3.3.4 38 ZIHSC BBILEMRES T

W 3-12 (a) FizR, #CE Zn//RECN20 #881E1) CV iR 530 208814
Bl M 3-12 (b) fERMEAEAIE 3-12 (¢) GCD ML AT LR BLECEL ZIHSC 171
DR FAAAE— @R LR TR (R %A Zn//RFCN20 7E 785 I #2 o A7 7T
PAMRFFE R PEAR 2R, 7E 0.1 A g RS E NI E T A EIAS] 80.4 mAh
ol, HEHREET K 10558 1A, WARIHES 409mAhg!, HEFRR
LE]50.9 %. RELHEREE XERF 1A g M02A g, WHEENN
38.9 mAh g i1 64.5 mAh ¢!, 5HJ4H1H 40.9 mAh g F1 68.8 mAh g 17345
Wk 3-12 (d) Fian, AL Zn//RFCN20 84E7E 0.1 Ag R E N, RERFEEIA
£ 80.3 Whkg! 7 EA 99.0 W kg BT &M, MMMHEIEE 3Ag I, R
FEEMAREA 20.1 Wh kg [F]B D)5 55 BE Tk 1535.7 W kg's TESEFRM A, —
AL Zn//RFCN20 P LAIRB) T4 bs IEH TAE, & 3-12 (e) P
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3-12 T RFCN20 BIRR /K A3 ZIHSC 34 B I ik Ak RE: () Fi G E A
3% 100 mV s B CV #1ZR, (b) HRZEERE 0.1 2 3 A g B EEMRE, (o) AFH
N ¥ GCD %k, (d) Ragone K, (e) — ANl Zn/RFCN20 SXZ) TG4k s
Fig. 3-12 Electrochemical performances of aqueous soft-pack ZIHSC device based on
RFCN20 cathode: (a) CV curves at a scan rate range from 3 to 100 mV s!, (b) Rate
performances at a current density range from 0.1 to 3 A g!, (¢c) GCD curves at
different densities, (d) Ragone plot, (e) Photograph of a wireless mouse powered by one

device.

3.4 KENG

KRE VAP, W T BT R k. HEERIK RN
ZIHSC #31F7E 0.1 A g A% E LA E N 118.4 mAh ¢!, BIf#TE 200 51
MEE20A g FUMERF 513 mAh g'. SIKFER, Zn/RFCN20 REAE AL
e 2 94.3 Whkg™! F1 15.6 kW kg DI, H HAELT 10,000 KT,
TG, 9 94.8 %A EIRFER ., HEREZA ZIHSC #84F7E 0.1 A ¢! UL R E
BEVIAA 963 mAh g, BMEHRREEY K50 52 5Ag!, HWAERETIAA 429
mAh g, 24t 7 75.8 W kg S KREE % FE A 14.7 kWh kg S KD ZRERE,  [F]I)
A RAF 0 A AR E M SR . 30 Zn//RFCN20 7E 0.1 A g LR 2
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FHEETFHAREZET 804mAhg!, EIFHEEEREY KI10M5E 1Ag!, WEE
55 40.9 mAh gl IXEESZIGHEAE TR UERT, DA BB BRI AL ) AT FEA 4y
2 LM RE G RE S A R IR B AT 5t .
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F4EHiLERE
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P RE bR BT A KL, VR AE A% SR 45 2R A8 51 N AT SEIIIE I BsAA Ak i 1 £
ANIG 5 R R (AT AT, B SR T RE AR (0 RE &% B SR RE I, A
W BRI il R AT AR W 0 R S e (A SR AL T T R

(1) DU AR RTOR (A, 8T — 20 KOH y& Lyl 3D IR o £ 4L
Tk BCK4, ZAMELEA KK RALIESE (LRI 2049.1 m? ¢!, L% 1.03
em’g) HEF AR, FR N/O 28T BB 4 LRI 7 R 15EK
Mo H LIS BB A S0 1 2 AR 2, It s )%, [En
PEALTE 2 WAL A, KA A E. R ZIHSC #4F ZN/BCK4
E01Ag R E TR, £ 2253 mAh g R LS &, RIMEE K HIREE
50Ag!' T, HEAEDFER 107.5mAh g AU, HIhZ ey Lk $] 99.7
W k!, AKHIBEEZEN N 179.6 Wh kg, I HZ3d 100, 000 X 50 A g HL
MR E, RRARERE 99.3 %, HERFE A Zn/BCK4 FFERILH R
F I HRAEIERE, 1E 0.1 Ag! MR FILA R HAA 137.3mAhg”, 7ERNH
AR AT OR R = (R AR R, TR B2 99.5 Wkg!, B KIAE 2 B2 115.1
Whke!, [FIRRILH T MR TIME . P8 Zn/BCK4 #41E7E 0.1 A g B
FE AR FHARILT 139.4 mAh ¢!, R HRTHEEY K 50 1%, =R
A 69.0 mAh g''. BCK4 ZILIK A A mLAR. Poli7eih. ek aEsiE. |
BTN ARG IR i S50 50, & T /K RBE RS IR A& L FL 2 25 I v M R F AR e
X B2 BRI T IR 2 ALBRTE K R A& REAR R P I TR SR (R T
(2) PAP A NBIR MG T 7 BT A B2 Uik . A3 5 K R 400

ZIHSC Z3E7E 0.1 Ag! AR E N LL AR A 118.4mAh gt EIHTE 200 £i5H HLIR
EEE20A g FARYFF 513 mAhg!s HUL[AER,  Zn/RFCN20 eB AL 7 (1)
A% 94.3 Whkg' Fl1 15.6 kW kg! D% 5, I HAEZIT 10, 000 X 7875 LG
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BV RA 96.3 mAh ¢!, BMfERIHET K50 2S5 A g!, WARREIHEA 42.9
mAh g, &4t 7 75.8 W kg B RNRERE B EEM 14.7 kWh kg e RIIFREE, SR
R 0 B 2 AR T U TP, . 3CEL Zn//RFCN20 7E 0.1 A g! V% % T I
AE FHARERETH 804mAhg!, RMERMELEY K10 52 1Ag", WEEMA
£ 40.9 mAh g'. IXEESTIGHAE A UERA,  DLE AR A B AL EE T R R B R
RIETHBIREGZ RGN, BISEIL T B G A B S S TR IR it
RFFRARA . LRt Be AR CF R 0L T S B ARDRI T 3w

4.2 RE

AT 2% P 2 SLIAA BHE A /K RBERS TR G A48 (ZIHSC) Bkl
PRI 05 (10 i A AV B8, (EAE ] % T 2O A LR 2 07 I 347 AE 32 7T
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